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Preface 


This book deals with the electronic properties of defects mainly of the 
dislocation type. The transformation of electronics especially due to micro- 
miniaturization of solid-state devices would not have been achieved without 
significant progress in crystal growth. Dislocation-free monocrystals are a 
basic material today, 

But as device design and monolithic technologies become more complex, 
a number of difficulties appear that have their origin in the very problem of 
crystalline perfection. 

This is because process steps in device fabrication, e.g., diffusion, introduce 
defects such that originally defect-free monocrystals become imperfect and 
furthermore because semiconductor crystals in the form of thin films cannot 
be produced with sufficient perfection but are the necessary starting material 
in many technologies today. Although the reduction in size of individual 
devices allows for a better use of the good material between dislocations, 
there is a constant trend toward higher density of devices and yet higher- 
yield figures. Even for devices of an active area of only 100 (um)?, a crystal 
material of say 10° dislocations per cm? puts an average of one dislocation on 
every junction surface. 

In this state of affairs, it is important to know in detail what are the effects 
of defects, especially dislocations. As long as defect material is embedded into 
highly doped or metallized material, the field-free situation allows one to 
disregard the defects. Defects, however, contribute essentially to the behavior 
of devices, their performance characteristics, their life, and so on, when they 
appear within the zones of internal or applied electric fields, 

It is therefore imperative to know the characteristics of defects in all field 
configurations and carrier-transport schemes and to understand their actual 
influence on device parameters. If a perfect state of the material cannot be 
achieved, at least the full knowledge of the influence of the defects can help 
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make pertinent predictions and derive useful design information from measur- 
ed data. This is especially true for the case of radiation-induced damage in 
solid-state devices and for device production by ion implantation. 

Most analyses in solid-state electronics and device physics start from 
idealized assumptions, such as a perfectly ordered crystal structure. The 
monocrystalline solid is already of high complexity without regard to defects 
because of the various forms of regular periodic lattices, their electronic band 
structure, and the impurity-carrier interactions, 

When additional features, such as bipolar effects and geometrical zones 
like p-n layers are discussed, the boundary conditions must be simplified in 
order to make solutions manageable. Therefore, the specific electronic effects 
of defects are generally treated as negligible. However, the field of electronics 
of defects, mainly dislocations, has gained such importance during the last 
years that refinements of the classical methods dealing with carrier transport 
in devices become desirable. Because the imperfect solid state in the form of 
thin films is the basis for devices being produced and because methods for 
device formation are applied that inherently cause defects and because defects 
are responsible for degradation, the full knowledge of all electronic effects of 
defects is imperative. 

This text has been written to fill the gap between ideal and defect structure 
methods. Data and facts dealt with are scattered over a large body of literature 
in special areas covering the fields of chemical physics, metallurgy, physics, 
solid-state electronics, crystal growth, and device physics to infrared and 
quantum electronics. Based on material published over a period of more than 
ten years on our own work and covered in lectures that the author held in 
1966 and 1967 as visiting professor at the engineering department of the 
University of California at Los Angeles, this book is intended to serve the re- 
searcher in the area of the defect solid state. It hopefully will simplify a search 
for basic facts and known results in the area of electronic effects of defects, 
mainly dislocations. It is also intended to be used as a textbook for graduate 
students in solid-state electronics and as a guide for the engineer in the semi- 
conductor industry in the difficult task of evaluating the electronic material’s 
parameters and their influence on device performance. 

Starting with an introduction to the basic facts of carrier transport, but 
with an eye on the not-so-perfect or semiperiodic structure, the aspects of 
dislocations and their arrays are discussed. The intentional growth of dis- 
locations and their behavior, as well as their possible use in devices, is also 
covered, It is actually the dislocation array or grain boundary that has re- 
vealed most of the striking properties of dislocations. 

Although it is quite obvious that the electronic aspects of dislocations vary 
widely with the kind of semiconductor, e.g., III-V compounds versus the 
homopolar lattices of germanium and silicon, the prominent effects in 
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different materials are discussed under a general heading, because the basis of 
all these effects lies primarily in the lattice disturbance. 

An important application of the knowledge about the electronic aspects 
of dislocations refers to the understanding of the behavior of thin films in 
devices and more generally the electronic behavior of amorphous materials. 
The case of the metal oxide semiconductor in the form of field effect devices 
has shown a number of astonishing effects, such as the mobility increase with 
gate field, which can be traced back to the surface states and the grained film 
structure as well as to the behavior of grain-boundary barriers under applied. 
fields. 

A general survey of all important measurement methods in order to 
assess crystal quality in the electronic sense concludes the treatise. 

Choice and presentation of material has been influenced strongly by the 
questions and criticism during lecturing periods by the author both in in- 
dustry and at universities. Fundamentals of charge carrier transport serve as 
an introduction in order to make the material presented independent to some 
extent as a textbook for lectures on crystal defects. In this form the text may 
be offered to graduate students with some background training in physics, 
solid-state fundamentals, or solid-state electronics. It is hoped that this, and 
the fact that such a treatise is timely, will help make this textbook a desired 
reference work for further research in this area and for introductory studies 
into the fascinating field of defect electronics, which is but one of the many 
new disciplines of solid-state electronics keeping this field a research area of 
high return. 

The author wishes to express his gratitude to a number of colleagues for 
their assistance and advice. 

In the early stages of the work on defined growth of dislocation arrays and 
their electronic properties, the author enjoyed the cooperation of Dr. G. 
Zielasek (Intermetall Corporation, Germany), Mr. A, McDonald, Drs. H 
Kedesdy, J. Kohn, and R, Seidensticker (U.S, Army Electronics Laboratories, 
Fort Monmouth, New Jersey), Messrs. H. A. R. Wegener and H. Lawrence 
(Tung-Sol Electric Corporation, Bloomfield, New Jersey, and Bell Telephone 
Laboratories, New Jersey), Drs, P. H. Keck, B. Levinger, K. Arnold, G. 
Schwuttke, Messrs. O. Weinreich, and B, Reed (General Telephone & Elec- 
tronics, Central Research Laboratories, Bayside, New York), and Dr. H. A. 
Schell (TEKADE Semiconductor Laboratory, Nuremberg, West Germany). 

After 1960, in the course of low-temperature magnetoresistance and electro- 
optical studies on dislocation arrays, advice and assistance were given by 
Drs. D. C. Cronemeyer, J. Busse, and Mr. M. W. Beaubien (Bendix Re- 
search Laboratories, Southfield, Michigan) and by Drs. M. Macha and. 
K. S. Cho (Advance Electronics Department, Missile & Space Systems 
Division, Douglas Aircraft Company, Santa Monica, California). 
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Chapter 1 Introduction 


Since the beginning of the intensified study of semiconductor crystals for the 
purpose of electronic-device applications, the understanding of dislocations 
in crystals has made great strides. The mechanical model of dislocations and 
its influence on the crystal lattice as a whole have been the basis also of the 
explanation of the marked changes in electronic-transport properties. This 
refers mainly to semiconductor crystals. In the case of metals, similar treat- 
ments have been pursued, but obviously the semiconductor, with its energy 
gap and need for explanations of detailed carrier-transport phenomena, is 
specifically useful in studying all phenomena involved. 

While the mechanical theory of dislocations was progressing largely as a 
discipline of metallurgy, the electrical and electronic properties of dislocations 
were developed as a new field of solid-state electronics. 

In dealing with the mechanical properties of dislocations, the question of 
the appropriate description arises. The continuum theory of dislocations as a 
macroscopic theory does not seem to allow for the necessary detailed know- 
ledge, for it is not so much the question of the total change of the mechanical 
state of a crystalline solid with which we are concerned in solid-state electro- 
nics but the more localized state and its influence on electronic carrier trans- 
port. In addition, the continuum theory of crystal elasticity is based on the 
equilibrium conditions of a deformed body subjected to surface and volume 
forces. The relations between stress and strain tensors, however, are always 
assumed to be linear (Hooke’s law). In this respect the theory is based on the 
reversible nature of small changes, but dislocations are permanent changes. 
The continuum theory can be usefully applied, however, once the total change 
of a crystal, due to built-in dislocations, is taken as a starting point and, again, 
small elastic changes are applied within Hooke’s law in order to form a 
description of the body in terms of elasticity theory. Valuable information can 
be gathered this way, but the very desirable combination of plasticity theory 
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and residual stress for the calculation of state changes due to irreversible 
deformations is lacking. Such an elastoplasticity theory seems very desirable 
from the point of view of materials properties, but mainly for the determina- 
tion of macroscopic mechanical changes. In such mechanical problems as 
workhardening and cold work, the sum of structural changes is the important 
magnitude. There is no principal difference between a monocrystal and a 
polycrystal as long as the orientation of the lattice is not important in itself. 

The effects of point defects and disorder on crystal properties have found 
attention recently within the general activity in the field of crystal dynamics. 
Since the Méssbauer technique allowed one to study impurities as resonant 
nuclei directly either by the recoil-free fraction or the second-order Doppler 
shift, their dynamical properties became accessible. A. A. Maradudin* has 
made important contributions and given excellent descriptions of this work. 

The necessary impurity concentrations to study such effects lie, however, 
within ranges (10'® cm~? and higher) that are too high for our considerations 
concerning lasting defects like dislocations. Lattice dynamical methods are 
basically assessing the potential energy and the vibrations of the crystal as a 
whole and are thus a continuum-theoretical approach. 

In the case of electronic properties of semiconductor crystals, a basic differ- 
ence arises from the fact that microscopic layers of the crystal material are 
under consideration. In microminiaturization, thin-film physics and techno- 
logy, in particular, layers in the range of 20 lattice constants are important. 
Polycrystals are out of the question if only because of the necessary repro- 
ducibility of electronic properties within defined crystal sections. Therefore, 
whenever we mention or use the continuum theory, we do so in order to make 
use of certain established rules for the calculation of mechanical results within 
the closer range of a stationary case of a formation of dislocations. 

The primary task in dealing with the problems of the electronic properties 
of dislocations is then to deduce them from basic facts about their form and 
reaction on the lattice. Thus, a first task is the description of the generation 
of dislocations in a submacroscopic way, leaving room for a microscopic 
refinement. 

In order to make the flow of information in this book coherent, Chapter 2 
recapitulates some basic facts of carrier transport in solids, mainly semicon- 
ductors, and introduces the reader not so familiar with the subject to the main 
tools for dealing with electronic-transport problems. This is done, however, 
with an eye on defects and as a preparation for the use of these methods in 
special cases treated later. In order to give the reader a more detailed picture 
of the kinds of defects possible in crystals, we define, in Chapter 3, the different 
forms of defects and their interrelations. 


* See, for example, F. Seitz and D. Turnbull (eds.), “Solid State Physics,” vol. 18, pp. 273ff. 
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In Chapter 4 the kinds of dislocations that can be singled out as linear or 
planar, constituting boundaries between crystal facets and having a special 
influence on carrier transport in crystals, are described in more detail. 

The continuum theory and its advantage in dealing with some macroscopic 
consequences of microscopic displacements or arrays of displacements are 
outlined briefly in Chapter 5. 

In Chapter 6 the dislocations from radiation damage are described briefly. 
The more detailed mechanical properties of dislocations are the subject of 
Chapter 7. 

In Chapter 8 the electrical properties are derived from the preceding models. 
The more detailed electronic behavior of the main dislocations is the subject 
of Chapter 9. The outstanding planar dislocation in the form of lineage bound- 
aries is discussed in Chapter 10. This is a dislocation structure subdividing a 
crystal into three distinct zones, two monocrystalline halves separated by the 
dislocation plane. 

In Chapter 11 the more stable low- and medium-angle dislocation plane is 
introduced. Such a boundary can even be contacted by appropriate means and 
influences the carrier transport strongly. A detailed account is given of the 
influence of grain boundaries on conductivity, mobility, lifetime, and other 
important materials constants. 

The controlled (not accidental) growth of dislocations and dislocation 
planes is described in Chapter 12. 

As a consequence of the controlled growth of dislocation planes, a number 
of new device structures have been generated and are described in Chapter 13. 

Finally in Chapter 14 the effect of dislocations on the electronic properties 
of devices is assessed. Special consideration is given to homoepitaxial and 
heteroepitaxial layers because of the increased importance of this field. 

Chapter 15 finally describes the present situation in the field of disordered 
structures and correlates these facts with the features of dislocation arrays. 

The approach chosen here emphasizes the free bond and the array of dang- 
ing bonds as the most important lattice disturbance. 

There is no doubt that the resulting Cottrell atmosphere or the interaction 
between the dangling bonds and the impurity environment are complex prob- 
lems, dependent on the kind of crystal dealt with. We have tried to assess this 
situation in the light of available facts. The new research field of amorphous 
structures is a very fruitful area of attack to the intricate problems of bond 
changes and phase changes. 

The unusual degenerate channel conduction has features that seem to be 
related to the conduction in dislocation arrays. 

The number of questions still unanswered is great in this field, and no 
attempt was made to decide if several switching effects exist or if they are all 
of the same kind. This field will develop in the near future, and it is hoped that 
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this book will help in the quest for a deeper understanding of the many influ- 
ences of the disorder in periodic structures on carrier transport. 

The main measurement methods to define electronic crystal properties are 
found in the appendix. 

The areas of future research crystallizing out of the work reported so far 
are the following: 


1. An assessment of the influence of diffusion on the grain-boundary 
properties by the growth of silicon and ITI-V compound bicrystals with very 
different doping ranges. 

2. Measurement of diffusion profiles deeper within the bicrystal, where 
microcracking might play a minor role. 

3. Study of the orientation dependence of the electronic properties of 
dangling-bond arrays. 

4. Magnetoresistance of grain-boundary planes at low temperatures. 

5. Noise of low-temperature field-effect devices based on bicrystals. 

6. Photoelectric mixing at grain-boundary interfaces. 

7. Recombination light emission and laser action from dislocation-plane 
junctions. 

8. Measurements of the conductivity of amorphous semiconductor chan- 
nels at low temperature (analogy to dangling-bond conduction ?) (see Chapter 
11). 

9, Field effect at amorphous channels at low temperature. 

10. Study of the band structure within a dislocation space-charge layer by 
cyclotron resonance in InSb bicrystals. 


It goes without mentioning that beyond this there is a wealth of further 
lines of research related to thermoelectric and quantum-electronic effects 
worth pursuing. 


Chapter Z Fundamentals of Charge 
Carrier Transport 


2.1 WAVE PROPAGATION IN PERIODIC AND NEARLY PERIODIC 
STRUCTURES 


A chain of particles of mass m coupled by elastic forces historically served as 
the first model of a periodic structure. If the x coordinate of the nth particle 
in equilibrium is given by 


X, = nd, (2.1) 
~ where d = particle distance, 
a sine wave for y, (vertical displacement of the nth particle) originates by a 
local displacement Ay, of the nth particle: 
Ay, = A cos 2n(vt — ax,); (2.2) 
Ay, = A cos 2n(vt — and), (2.3) 


where v = frequency, 
a = wave number or 1/A (27 - a is the wave vector k, k «dis the wave 
phase angle.) 
A = constant (amplitude), 
t=time. 


Here the wave number can be replaced by 
a’=at™ (2.4) 


where m = integer, 
without any resulting change of the displacement form. 
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The frequency v, therefore, is, a periodic function of a with the periodicity 
1/d. The phase velocity v = v- A is the slope of the v(a) function, which, in 
turn, is given by 

v(a) = B |sin xad|, (2.5) 


where B = constant (amplitude). 
To avoid ambiguity in wavelength and direction of motion, we define the 
region of positive phase velocity only, which restricts a to the interval 


a=+ 


2d 
or, more precisely, 
1 1 
wie Sa Sit. I 
S48 4+3G (29) 
The phase or propagation velocity of the wave is 
uh @n 
a 
and, with (2.5), 
v= B sin.xail | (2.8) 
a 


Defining a velocity v,, for infinite wavelength 2 = 1/a, that is, a = 0, we have 


v,, = dB (2.9) 
and thus the famous wave-velocity equation (Baden-Powell)' 
e |sin xd/A| 
=a (2.10) 


for wave propagation in a cubic lattice structure represented by a monatomic 
linear chain of the simple kind shown in Figure 2.1. Frequency v and velocity 
v are both plotted versus the wave number a. With the restriction (2.6), the 
most important part of the dispersion curve v = f(a) or v = f(k), with wave 
vector k = 2na = 2n/A, is situated between —1/2d and +1/2d, positive v(a) 
for a increasing, representing the first Brillouin zone’. Higher-order zones of 
lattice excitation are coherently shaded in Figure 2.1. These zones correspond 
to the same transversal-wave excitation and give similar dispersion curves 
vy = f(a) with the same zero point. If the masses m and force constants y are 
equal (see Figure 2.2), a displacement A, of the mth atom causes a force 


Fy, = WAns1 — An) — An — An—1)- (2.11) 


This gives a motion equation (Newton’s second law) 
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(2) 
anh, 
b) 
fa) 2) 
om ves (a) 
Fig. 2.1. (a) Mechanical equivalent of linear chain. 
y= elastic force constant 
m= mass 
d= distance 
(b) wave velocity and frequency as a function of wave number a. 
PA, 
ma" = (Anat + Ay 1 — 244) (2.12) 


dat? 


for all atoms coupled by the force fields in the linear chain resulting in n 
equations for n atoms. These differential equations represent the possible 
lattice vibrational modes with angular frequency w = 2nf. The displacement 
A, can be represented by the complex form 


A,(@, k) = A exp[i(wt — knd)], (2.13) 


where A = amplitude of Fourier component, 
nd = equilibrium position of nth atom, 
k = 2n/A = wave vector. 
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Fig. 2.2 Displacements in linear chain with 
equal masses mm. 


Equations like (2.13) are valid for all A’s by appropriately changing from 
A, to A, +1, and so on. From (2.12) and (2.13), one gets 


—w?m = ylexp(ikd) + exp(—ikd) — 2], (2.14) 
or 
4/2 
o= +(2) sin (2.15) 


This is again the analytic w expression (2.5) derived previously in a heuristic 
way (see Figure 2.1). In the case of equal masses m and equal force constants 
y, there is no reason for phase differences between the moving atoms of the 
chain. All particles are displaced by the same amount and in the same 
direction. If we consider physical crystal models, however, we generally have 
different masses or different forces or both e.g. Born’s model for NaCl (see 
Figure 2.3). In this case, an important change takes place. The displacements 
of masses m, and m, can be out of phase. They generally move against each 
other in opposite directions (for neighboring atoms) and retain a stationary 
center of mass. Therefore, we have, for example, for different masses mM, mM 
but equal forces 


@A 
my Ft = Mansa + Ban — Wane s)s 
2.16) 
@A 
m2 a7 = W(Aanss + Aan—1 — 2A2y)s 
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Fig. 2.3 (a) Linear chain models with two different 
masses 

(b) Linear chain model with two different 
forces 


with the lattice displacements 
Az, = A exp [i(wt + 2knd)], 
2 P Ei I] 17 
Aone = B exp {ilwt + k(2n + 1)d]}. 


Substituting (2.17) into (20.16) and solving for w yield the famous equation 


2 in? kg) 12 
ot=r(5+) to[(4+2) _ Asin? k (2.18) 


m, mz m, mM mym, 


typical of the two different vibrational modes shown in Figure 2.4. These 
modes are of great importance in real lattices and give the values for w at the 
limits. Since the lower function corresponds to in-phase movement of nearest 
neighbors (odd- and even-numbered atoms), it is called the acoustical branch, 
because the lower frequencies generated in this kind of excitation correspond 
to the acoustical frequency range for most crystals. The upper branch is called 
the optical branch, because these frequencies belong in the electromagnetic 
respectively infrared frequency range. 

The frequency versus wave-number functions in Figure 2.4 can have differ- 
ent bands if more than two different particle masses or more than two force 
constants are involved, but the main difference between their frequency range 
remains the cophase or contraphase movement of nearest neighbors. 

In looking at the periodic structure in the simple model, one can assess the 
effect of primitive lattice disturbances like vacancies or interstitials. Consider 
a less drastic form—a displacement of one atom by a heavier or lighter one, 
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Fig, 2.4 Frequency versus wave vector. 


Fig. 2.5 Replacement of Clion by H~-ion in K*Cl--lattice 
and formation of a resonance center, 


for example, or a displacement of an ion in an ionic lattice, such as KCI by 
hydrogen, for example (see Figure 2.5). In this case, the light ion (H~) within 
the positive K* cloud has its own frequency of vibration with an optically 
active electric dipole moment. 

On account of the very localized nature of this defect, the additional vibra- 
tional modes decrease rapidly with the distance from the defect (actually 
exponentially). In a simple mathematical case, a linear lattice of equal atomic 
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masses m contains one atom with a different mass m’. Assessing only nearest- 
neighbor interactions and putting the atom m’ < mat the origin, the equations 
of motion, corresponding (2.12), can be written 


A 
m! Tae = Wy + A, — 20), (2.19) 
A 
m ons = (Az + Ag — 2A,). (2.20) 


A solution of (2.19) and (2.20) has to be damped exponentially for increasing 
distance from v = 0 (see Figure 2.1). 

The dispersion relation or the w versus wave vector function is of the form 
(2.15), and since sin?(a/2) = (1 — cos «)/2, the dispersion relation can also be 
written 


y 


y 


@? == (1 —cos kd). (2.21) 
m 
Here the maximum frequency is 
‘A 1/2 
mn = (2). (2.22) 


For higher frequencies, k cannot be real but has a form 
k =k, + ik;. 


By developing cos(k, + ik;)nd and choosing k,nd = nz, the imaginary part 
is eliminated and a solution to (2.19) and (2.20) can be found? that leads to 
the dispersion relation 


m? 


2mm! — m’?’ 


0? = hax (2.23) 
With @max = (4y/m)"/? as cutoff frequency of the unperturbed lattice. In this 
case m =m’, If m' < m, (2.23) reduces to 


m\ "2 

o= Cae") 4 (2.24) 
We see that the localized phonon frequency at the H™, or U center, where the 
lighter atom generates new modes, increases with increasing ratio m/m’ or 
with decreasing m’ at the defect point. In principle, a vacancy, therefore, can 
generate high local lattice modes. In the environment of heavy surrounding 
atoms the damping is considerable and leads to an early extinction within a 
few lattice constants. 
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If, however, a localized defect comprises several atom sites and especially 
if such a defect structure has some order on its own or represents, for example, 
a line defect (lineage) with a clear relation to the host lattice, such localized 
defect modes can substantially increase in amplitude. The lattice motions 
(see Figure 2.2) for such a lattice substructure lead to standing wave modes 
on account of the bounds on either side of a sublattice or periodic disturbance 
(see Figure 2.6). This is seen mathematically by representing the substructure 


Normal lattice 


An= sin nkd 


Fig. 2.6 Elastic line of n atoms or of n defect atoms within 
lattice structure. 


again by, for example, a one-dimensional line of particles leading to a standing 
wave of the kind 


A, = A()e7! sin nkd. (2.25) 


On account of the limitation L of the size of the sublattice (fix points at either 
end), k is restricted to the values” 


2m 3m, nm 

Bb 

The solution (2.25) vanishes for n = 0 and n = N (fixed points) and yields, 
for points between, a number k = n/Nd independent values or modes. 

The analogy between defect or sublattice excitation and bound lattice modes 
helps explain a number of effects connected with the infrared vibration spectra 
of imperfect crystals. “Imperfect”? refers also to nonstoichiometric distribu- 
tion of foreign atoms within the host atom and the influence of the resulting 
additional local modes on line spectra for the respective observed vibrational 
fine structures—in fluorescence measurements,’ for example. 


k 
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A periodic lattice structure supports the transport of electron-wave pack- 
ages as it supports elastic waves. The atomic center points form the potential 
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troughs. The electrostatic forces acting on the moving charges are described 
in the same mathematical form as the elastic forces. 

As we noted in Section 2.1, the equations of motion or Newton’s second 
law for the lattice particles leads to a solution in the form of a periodic 
function, In fact, Newton’s equation for a lattice with only one kind of atom 
(see Figure 2.2) is, for example, 


aA, 
dt? 
where p = 1, 2,3,... indicates the lattice plane to which the force applies, 


In case of nearest-neighbor relations only, p = 1, (2.26) has the typical solu- 
tion in form of a traveling wave: 


Apap = Ae ookt-on1, (2.27) 


where d = spacing between planes, 
k = wave vector. 
Introducing (2.27) into (2.26) leads to 


=o mA(Oel= 9) = ACO) Y Ayelet! — elt) giot, (2.28) 
P 


ms" = YA An+p — Ans (2.26) 
? 


which, for n = 0 leads to 


orm = — 5 A,” — 1), (2.29) 
P 
Assuming a Bravais lattice (translational symmetry), one has 
A= Ay 
and (2.29) can also be written 
am = — ¥ A,(elPlt 4. e~trkd _ 2), (2.30) 
pro 


This equation leads again to the usual dispersion relation w? = (2A/m) 
x (1 — cos kd) for p = 1 [see (2.15)] since 


2cos pkd = e!Pkd 4. g~ipkd, (2.31) 


If a wave given in the form (2.27), either of the longitudinal or of the trans- 
versal kind, travels through a periodic structure, it is the lattice form or cell 
length d that defines the periodicity. In frequency versus wave-number space, 
however, the cell length is I/d. A reciprocal lattice, therefore, gives the periodi- 
city of the frequency of the propagating waves. The reciprocal lattice gives 
important information on the conditions of wave propagation and reflection 
in periodic structures; it specifically satisfies the Bragg condition directly for 
the generation of reflected wave fronts, as will be shown. Defect structures 
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can also be transferred from the direct to the reciprocal lattice, and the con- 
sequent changes in the reflection of lattice waves can be found. 

The methods are similar for one, two, or three dimensions. For simplicity, 
we consider only the two-dimensional case. 

In Figure 2.7 the two-dimensional case is sketched for atoms of equal 
spacing and mass with an arbitrary intersection angle 0. The two basic lattice 


K 


lie defects 


Fig. 2.7. Defect (vacancy) line in periodic lattice and Bragg- 
reflection conditions (see text). 


vectors are d, and d, (direct lattice), and b, and 6, represent the reciprocal 
lattice, which has to satisfy the conditions 
1 fori=k, 
Widd=tu={0 foreak, 
which also means that 


(2.32) 


b, Ld, 
by 1d 
where 6;, = Kronecker’s 6. 
The basic system or direct lattice can be represented by a matrix 
D= ie el, 2.33) 


doy day 
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and the reciprocal system by 


by, 6. 
Bel *). (2.34) 

a CY) 
Since B and D are connected by the product (2.32), d, and d, are row vectors 
and b, and b, column vectors. The reciprocal-lattice condition appears in the 
formation of the matrix product. 


dx dy\ (by, b. 
D-B=(4= »)( is ‘ah 2.35) 
aa =) 
Ge Dig t+ Aybyy yy box + dyd. 
D Ba(Uxtxt yy Ux Pet dy »). 2.36 
ee t+ daybyy doy bax + drybay, O20) 
With the condition (2.32), this leads to 
1 0 
D:B -( ‘) =6, (2.37) 
or 
B=D"' (reciprocity). (2.38) 


A consequence of this is the reciprocity also of the lattice-cell areas: 
Sy°S,=1. (2.39) 
This is immediately seen by forming 


Sy = d, x d, =|d,| [da] sin 0 
S, =, x by = [by| [by] sin 0 (@s) 
(see Figure 2.7). 6 = angle of intercept of lattice rows. 
Now, since, according to (2.32), 
by +d,) =1=[byl|d cos(§ - 0) 
(by +d, Ibi 1d) 3 (2.41) 
= |b,||d,| sin 0, 
and 
b+ d,) = 1 = |b,||d cos(§ - 0) 
(bz + da Iba| |d2 3 (2.42) 
= [b,| |d,| sin 8, 
or 
1 
bil = |d,|sin 0” 
‘ (2.43) 
[bal = jd,|sin 0° 
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The product S, + S, is 

sin 6 a 
|d,|sin @|d,|sin 0” 
This condition is equivalent to stating that the distance d in the direct lattice 
that defines 2 is equivalent to 1/d, which, in turn, defines y in the reciprocal 


lattice. 
In other words, 


Direct lattice: Cell length d; A = f(d) 
Indirect lattice: Cell length 1/d = a; v = f(a) 


The propagation of waves through the two dimensional lattice structure is 
characterized by the wave functions 


Y = Aellotm 2nayx~2nary) (2.45) 


S1° S, = |d,||da|sin @ (2.44) 


or 
W = Aeltot-2x@-91 (2.46) 


as solutions of the wave equation 
Vy 5 =0, (2.47) 


where v = phase velocity as f(d,; d,). 

Tf a reflected wave has the same wave numbers a, , a Bragg reflection occurs. 
For the two-dimensional case, a,,,, is the wave number, and n, and n, define 
the atomic planes. Denoting a for which a Bragg reflection occurs ag, the 
reflection condition is 


lao] = aol . (2.48) 
where aj stands for a,,,,,. Introducing any new wave vector 
ah =a) —B (2.49) 
and squaring yield 
lagl? = lag|? — 2(ao - B) + |BI?. (2.50) 
Squaring a9 = ag + B leads to ; 
aol? = |ag"| + 2(a9 - B) + [BI?. (2.51) 


On account of condition (2.48), equations (2.50) and (2.51) must have the 
same value, which means that 


IB? = 2(a - B) = —2(ap - B). (2.52) 
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Therefore 
lag|cos(ao, B) = —|ag|cos(ag, B) = 3 |BI, (2.52) 
or 


B 
> (2.53) 


1 1 
lao|cos p = 5 cos @ = a 
Here we have introduced 
B= 


where 5 = distance between successive rows of atoms. 
This means that B defines the atom row responsible for the Bragg reflection. 
The condition (2.53) 


ab og aX 
Wore 95 


can be written in a general way: 
mi = 26 cos 9, (2,54) 


which is the well-known Bragg reflection condition (see Figure 2.8). The 
construction of a reciprocal lattice (Brillouin zones), therefore, is a method 
to see quickly under which angles of incidence and for which wavelength a 
lattice gives a reflected beam, 


| 
Incident H Reflected 
Se | 
Sha, SS H er ag 
Sot +— an 


BSSES od 
SN = —> a 
ae ie 
on Se 


Fig. 2.8 Bragg-reflection condition: AOB = 25 cos p =m. 
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We can derive the same result or demonstrate the importance of the reci- 
procal lattice also starting with the Laue diffraction condition. Before doing 
so, we mention that in periodic structures the wave-function equations (2.45) 
and (2.46) can be considered to have an amplitude that is a function of the 
lattice periodicity or of the position and wave vectors: 


A+ en 2tia) 


This is because the solution of the wave equation (2.47) has a time-dependent 
and space-dependent part: 


v= Yolx, vel. (2.55) 


In solution (2.55) these parts are separable, and a time-independent wave 
equation for Wo follows: 


w? 
Vio + 73 vo = 0. (2.56) 


V = phase velocity (see Section 2.3). 
The solution of (2.56) is generally expressed as 


W = A(r)e2nte-@ 91, (2.57) 
which is the original form of Bloch’s wave function (see Section 2.3). 


Ina one-dimensional case, r = nd, where n designates the point mass 7 at the coordinate r. 
Since a= 1/A, the wave function y,— A(r)e?*""'-*"™® can also be written 


Yn = Alre"or~'n6, 
where 
2a 


k= 2ma = 


veva. 
Thus 


TT onic (2.58) 


which is the form of a running wave. 
Another way of writing the Bloch wave is by introduction of the crystal momentum 


where Ep = energy of traveling wave. (Ref. 7). 
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Now 
Yule) = Aree 


leads to the wave equation for one dimension, for example: 


telex, #) = ApCx) exp (ane? = iknd) 


= Apts) oo (e. . Se). 


i 2 
Since 
k=2n/A and kd=20>", 
no 
we have 
nkd = mvt. 
Therefore 


tbolx, t) = Ap(x) exp Pre. *x—Epe | 


(see, for example, Ref. 7). 


In a three-dimensional case A(r) can be expressed by 
A(1) =F Amymngms e28Eme-Fmalba 14 malbs “OI, (2.59) 
Equations (2.57) and (2.59) combined in a Fourier sum yield 
Y= et Y) Ammams EXPL —270i(@inymams * "Is (2.60) 
where 


a —m,b, — m,b, — m3b3. (2.61) 


Bnymrms 


The last three terms in (2.61), which specify the lattice point in the reciprocal 
lattice, show the influence of lattice periodicity perturbations on the wave 
function. Lattice disturbances expressed by corresponding variations in the 
reciprocal lattice lead to nonharmonic terms in the amplitude function as the 
lattice-modulated part of the wave function y. In Figure 2.9 the Laue diffrac- 
tion condition can be read 


(cos g — cos @o) = d(a — a) =n-d (m=0; +1; +2;...), (2.62) 


where « and o = direction cosines, 
d = lattice translation vector. 
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= Diffracted beam 
cos p= /d 


0s ~,=Go/d 


Incoming beam 
d (cose — cosy) = d(a—ao) = m+d 
n= 0,412 2, te 
Fig. 2.9 Laue diffraction condition 
In a three-dimensional lattice three simultaneous conditions have to be 
satisfied: 
d(a,, — a) = yA, 
af, — B) = m2, (2.63) 
d(y,; — 7) = 134, 
with the additional condition for orthogonal axes 
tn + Bra + Yay = Le (2.64) 


Equation (2.63) can be rewritten 


1 (2x 2n 

ama? Ta) =m +m, 0+n;-0, 

1/24... 2% Z 

F(A) mm 0+ mT + m0, (2.65) 
1 (2x, 2x 1 

ala? pt) am Om Om te 


Here (2n/A)a, (22/4)B, (2n/A)y, and the like, are the rectangular projections of 
the wave vector k = 2xa(a = 1/2 = wave number) of the incoming wave on 
the three translation axes of the lattice. Introducing now the reciprocal lattice 
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vectors b,, b2, b;, which satisfy the conditions (2.32) for orthogonality: 
(b;- dy) = 5x, (2.32) 
the Laue conditions read 


: (n, =0, +1, +2,...), 
ay —K=mbi + mab tmsbs=m (m2 =0, +1, +2,...), (2.66) 
a (ny =0, $1, +2,...). 


The general solution of this vector equation is 


1 1 
—k = — Y 
ak agkte (2.67) 
but for the diffracted wave to have the same wavelength as the incoming wave, 
the additional condition 


Ik’] = [| 


must be satisfied. A geometrical construction satisfying these conditions is a 
vectorial addition of (1/2z)k’ and (1/2z)k leading to n, but such that n is 
always the base of an isosceles triangle.* 

This is accomplished by drawing the orthogonal plane through the end 
point of the vector 


tin (see Fig. 2.10) 
All plane waves e'** whose wave vectors are k/2z, lying on these planes, 


form diffracted beams of order n,n. This leads to the construction of the 
Brillouin zones for two- and three-dimensional lattices, as indicated in Figure 


Fig. 2.10 Construction of Brillouin-Zones (see text). 
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2.11 for the square lattice. In this construction it is assumed that the [1 1] row 
of atoms is missing (vacancies). This leads to the elimination of those zones 
formed by the perpendicular bisectors of the lines joining the central lattice 
point to the missing atom sites. 


. . . . ° . . . . 
Missing row 
a . . 
b.* 
N\ 
° . . 
° ° ° 
° . ° 
° ° . 
° . ° 
° ° . . . . No . ° 


\ 


Fig. 2.11 Coalescing Brillouin zones in the neighborhood of a vacancy line in the [11]- 
direction, 


The resulting deformation of the Brillouin zones of corresponding 
order shows the variations in Bragg reflections due to the defect line. Stronger 
changes occur in reality on account of the resulting lattice strain, which is not 
considered here. In the case of dislocations, even greater discrepancies can be 
expected on account of the charge separation at the site of a dangling bond. 

In Figure 2.7 [11] line of defects is also drawn, and the question arises under 
which conditions such a sublattice structure or regular disturbance can cause 
Bragg reflections to occur. We have touched on the resonance character of 
such regular defects before. The vacancy line (it may also be a dislocation line 
formed, for example, by a regular array of edge or screw type’s of dislocations) 
is geometrically defined by the direct lattice vector 


di = md, — mda. (2.68) 


For m, =n, = 1 the reciprocal lattice vector relation corresponds to the con- 
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dition (b; dy) = 5,,: 
(b, - di) = |by| |d, — d,|cos py = 1, 


a ’ 2.69 
(ba a4) = [bal lds ~ daloos y= 1. oe 
For simplicity let us assume that |d,| = |d.|: 
Q@ ox id 
cos Wy = cos(5 - 5) =sin5, 
(2.70) 
cos yy’ = cos Z_<) =sin 
2 2 2 
It follows that 
la] 
a a eerie 
(by * di) = (ba +d) = [by] [d, — d,|sin 5 
a (2.71) 
= [bald + dalsin 5 = 1. 
Nees 
lav 
Here 
d, —d,=d; 
ern (2.72) 
Forming the lattice cell areas in the direct and reciprocal lattices, 
Sa = (d, — d2)(d, + 3) (2.73) 
S,=di- di 
Sq = [di 143] sin 5 
and 
S, = |by| |b] sin (x — 8), (2.74) 
we find that their product S,- S, is not 1, as in the normal case, but that 
Sa>S, = dj] [d3| [b, [|b] sin 0. (2.75) 
Replacing from (2.71), 
1 
b (=< —_——— 
il = fay sin(@72) 
; (2.76) 
[bal = 


|d3| sin(/2) 
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yields 

sin 0 
{di | [d3| sin?(@/2)° 
Equation (2.77) shows that the cell areas are no longer reciprocals independent 
of 6 but that 


SaS, = |di| [da] (2.77) 


(2.78) 


The condition for S, +S, =1 is 
2sin 0 + cos 0=1, (2.79) 


or since (2.79) can be written 


J/1-sin? 0=1-2:sin 0, (2.80) 


squaring yields 
1 —sin? 0=1—4sin0+4sin?6 (2.81) 
or 
5sin? 6=4sin0 (2.82) 
and 
sind =$=0.8. 
Thus 
@ = 53° 8’. (2.83) 


For this angle between the direct lattice planes we should, therefore, have 
Bragg reflections because of the line of vacancies in the [11] direction. In other 
words, under special circumstances, a symmetrical arrangement of defects 
within the otherwise perfect structure can assume the role of a periodic sub- 
structure or of a linear (two- or three-dimensional) sublattice, which, in turn, 
can strongly influence the wave propagation. The collapsed Brillouin zones in 
the construction (see Figure 2.11) especially in the neighborhood of the line 
of vacancies show that missing atoms lead to coalescing zones. In other words, 
the reflection conditions are satisfied by a merger of the next lower and higher 
index Brillouin zones. Thus, there is a certain frequency “hole” in the wave- 
propagation spectrum of such a defect lattice. As we have seen, however, 
additional reflection conditions can arise when an ordered defect structure 
has specific relations to the host lattice. All these considerations are idealized 
and do not take account of the stress-strain conditions in real lattices, of the 
charge distribution, ionicity, and many other features of real lattice structures. 
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2.3. ELECTRONS IN PERIODIC FIELDS [BAND THEORY] 


We may start our consideration with the wave equation for a three-dimen- 
sional continuum with periodic nonuniformities and time dependence: 
1, 
Vy — pa =0, (2.84) 
where V? = Laplacian operator, 
V = phase velocity, 
w = wave function, 
and assume that the time-dependent part of is separable from the space- 
dependent part: 


W' =x, », Ze" (2.85) 
This gives for y the differential equation 
Vy + a v=0. (2.86) 
If we confine ourselves to waves in a periodic medium, we can assume that 
nF. (287) 
For one dimension, (2.87) reduces to 
es + @7F(x)p = 0. (2.88) 


If F(x) with period d in x, for example, contains only one cosine term, we may 
write 


F(x) = Co + 2C, cos e (2.89) 
F(x) = Co + 2C, cos €. 
With 
2ax 
c= a (2.90) 


(2.88) becomes, with y’ = W(x)e!, (2.85): 
a 
TS + (n+ y00s BW =0, (2.91) 
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where 
@ 
n=a* Z Co = 4v7d?Cy, 
y = 8v7a?C,. 

Equation (2.91) is Mathieu’s equation.' Its solution is given by Floquet’s 
theorem, which states that the solution consists of a superposition of two 
waves running in opposite direction (standing waves) with Pposition-dependent 
amplitudes: ‘ 

WEE) = Ay(E)e" + BY (Ee™ #8, (2.92) 
Generally, (2.88) is the Schrédinger equation: 


2, 2 
ee SP Le voxwia) =. (2.93) 


£=cnergy Eigenvalues 
U(x) = Lattice periodic potential energy 


Because 


@ =m 20 


a 
and, with the DeBroglie equation A = h/p, 
2 
ots ant 
where p = impulse, 
A = Planck's constant. 


2 
The energy can be expressed as F(x) a = [E— U(x)] , where m = electron mass, Then we get 


‘1 
wo F(x) = 0 2 [E-u@)= mE — UG] see (2.86), (2.88), 


Another expression is E(x) = Eo[| — cos 27x/d], since the energy has a constant part £ and 
a part U(x), depending on the lattice periodicity. Equation (2.93) without the U(x) expression 
would describe the free-electron case, 
Its solution for a wave function with fixed amplitude 

YX) = A+ el? 
where k = wave vector = 27/A, leads to the energy expression 


hy? 


se 
Eas, |e 


a 
With the DeBroglie relation or |k| = 27(p/h) we get 


= dmv, 


or the classical expression for the energy of a free Particle. 
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Referring to Floquet’s theorem (2.92), the fact that the solution of the kind 
of wave equation (2.93) leads to wave functions with periodically modulated 
amplitude can be seen also from the periodicity and symmetry of the eigen- 
functions. The fact that the potential function is periodic in space, 


U(x) =U(x—nd) (n= +1; £2; $35...) (2.94) 
where d = lattice spacing, leads to the eigenfunctions of the form 
Wx — nd) = C*- Wx) = WX) (m= 41; £2; 43;--). (2.95) 


The latter equality is due to the physical fact that incoming waves and re- 
flected waves have to be equal or that no amplitude and frequency changes 
can occur during multiple repetition of the operation of parallel translation. 


This means that C" = | or that the n solutions of this equation are roots of 
unity: 


(gk ead (os es) (2.96) 


The wave function y must satisfy (2.95) and (2.96) for any value of x. This is 
possible for 


W(x) = uy (xen, (2.97) 
Therefore u,(x) is periodic in x with a period d. 
Since 
2n 
k= i’ 
we get 
V(x) = 4QXJe™, (2.98) 


which is Bloch’s wave function. 
We may also express y/(x) by a sum formula, starting with (2.95), 


ve =F comand, (2.99) 
again C has the form 
CHCoe") (n= +1; +2;...), (2.100) 
G = lattice cell number, 
or 
U(x) = Co ¥ Pl/OY(x — nd), (2.101) 


and with k = 2n/(d+ G) 


VO) = Co ¥ et Y(x — nd). (2.102) 
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If we write 
Ua, k) = u(x, Ke (2.103) 
and express (x, k) from (2.102), it follows that 
u(x, k) = W(x, ke ™* (2.104) 
+o 


=Co Y eltrt—tey(x — nd) 


to 
=Co Y eH *-™ yx — nd), (2.105) 
nome 
In other words, u(x, k) is the lattice-modulated amplitude of the wave func- 
tion that is periodic in x and k. At this point we should conclude that any 
lattice irregularities would deprive the potential function 


U(x) = U(x — nd) 


of its periodicity and hence make unreal the existence of the Bloch kind of 
wave functions. In the modified Brillouin zone scheme (see Figure 2.11), we 
have seen that a change of minor extent like a line of vacancies causes zone 
coalescence but no disruption of the scheme for Bragg reflections. Similarly, 
a departure from periodicity in the form of a defect line or even defect plane 
would cause the amplitude function to be represented by 


A'(r) = A’ + &A"(r) (e <1). 


One can show (see Brillouin or: (Ref. 1)) that this Ansatz for the periodic am- 
plitude function in (2.86) leads to two distinct cases, depending on the relative 
values of the wave vectors of the undisturbed and disturbed waves. If these k 
values are far apart—(/(x, k) is real only for k = 0)—the resulting wave func- 
tion is only slightly perturbed, and we find again that certain energy values 
are forbidden, where 


R407, anh 
ke t5; 425; 405% 


with Bragg reflections occurring at these points: 


eis igh 
Qn 2d 

1 
= £2055 
wean ete. 
Se RAE rt 


(see Brillouin zone construction). 
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This leads to the forbidden energy values e|V,|, ¢|V2|, and so on, and thus to 
a split of atomic eigenvalues into allowed and forbidden bands. If the k’ 
values of the disturbed portion of the wave function approaches k of the 
undisturbed part, the frequency has two possible values (see Figure 2.12). 


e =Vuz + €R! 


Impurturbed 


band 


= |R'| am 


Fig. 2.12 Two solutions for the unperturbed wave equation 
and resultant split into passing and stopping bands. 


Closer spacing of the atoms, d— 0, also leads to the formation of broader 
bands* and, therefore, increased degeneracy. From Brillouin’s perturbation 
treatment it appears that the zone scheme is still valid in periodic structures 
with limited defects and that the basic discontinuities still appear when the 
wave vector has its extremity on the perpendicular bisector of the vectors in 
the reciprocal lattice, Missing or dislocated atoms, however, change the rela- 
tive extent of the individual zones. If strong disturbances occur, the perturba- 
tion treatment and, therefore, the zone construction break down. But, as 
mentioned before, the electronic effects of vacancies and dislocations (missing 
electronic charges or charge accumulation) have a much stronger effect on the 
local band structure than a purely perturbing influence on the wave functions, 
We discuss these effects mainly in Chapter 8. 


2.4 DONORS AND ACCEPTORS 


The usual description of the substitutional association of a donor atom with 
a host lattice is based on the position of its energy level near the conduction 
band and its occupational state at normal temperatures ( ~300°K)—antimony 
in germanium, for example. The same is true for acceptor impurities like 
indium in germanium, where one electron is missing to enter into the available 
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5, p valence bonds of the germanium host lattice, and, therefore, a “free 
hole is available. 
The definition of a donor can, therefore, be given by the equation 


D*=D* +0, (2.106) 


where D* = neutral donor, 
D* = positively charged donor residue 
© = free electron. 


The same equation in modified form describes an acceptor: 
A* = A> +0, (2.107) 


where A* = neutral acceptor, 
A~ = negatively charged acceptor residue 
@ = free hole. 


W. Schottky® has discussed in detail the discrepancy in this kind of termi- 
nology that leads to acceptor behavior of a donor after dissociation of the free 
electron or to donor behavior of an acceptor after the free hole has dissociated. 
The energy levels in the forbidden gap cannot be used for a good definition, 
since phosphor materials show donor levels near the valence band, and vice 
versa for acceptors. It is, therefore, the best choice to talk unambiguously 
about a “donor” if such an atom exists in both states, neutral D* and positive 
D*, and about an acceptor if such an atom exists in a neutral state A* and in 
a negatively charged state A, the criterion being in both cases the character 
of the “recharging”’ mechanisms 


Dt D*, 
At A>, 


Schottky proposes to discriminate between states near the conduction or 
valence bands by the prefix ¢rans for higher states, cis for states below the 
Fermi level (see Figure 2.13). For the mid-band terms near the Fermi level 
we use Schottky’s expression “ medial”’ donor or “ medial” acceptor, because 
such levels play a predominant role as Shockley’s deathniums (lifeniums) and 
are connected to the appearance of dislocations and their influence on re- 
combination mechanisms. Such mid-band levels may be located a few 
kT (0.025 eV) from the Fermi level and, therefore, can easily be converted 
from a donor to an acceptor. This property can play an important role in all 
radiative and nonradiative processes. 

For nonradiative recombination such interband levels have been postu- 
lated® to explain the absorption of the total electron energy by successive 
absorption steps through these levels. 


2.4 Donors and Acceptors 31 


Conduction band 
SCG... AAA 
© trans donor 


— trans acceptor 
-@- medial donor 


ga —_————— Ff 
-—-——— — + _— medial acceptor 
~@- cis donor 
— cis acceptor 
WY ddd 
Valence band 


Fig. 2.13 Schottky- Terminology for interband energy levels. 


For the recombination of holes and electrons from acceptors and donors— 
either directly, intrinsically, or via recombination centers, extrinsically—a 
rate equation can be derived: 


‘per volume clement) 
w,(Per time unit ) SS Bs (2.108) 
where r = recombination coefficient, 
n = electron density, 
p = hole density. 


Similarly a generation equation (pair production) 


N,=g=r-n-p (2.109) 
applies. In equilibrium N, = N,, and therefore 
pon= 2m np (2.110) 


n, is defined for the intrinsic semiconductor as n; = n = p. Equation (2.110) as 
the mass action law relates the donor-acceptor densities to the intrinsic 
density. In another way of expression it relates the effective state densities N, and 
N, in both the conduction and valence bands to the intrinsic density, since 


n= N, er EedikT (2.111) 
and 
p= Nye BAT, (2.112) 


E., E, = conduction and valence band energies, 
Ey = Fermi level. 
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Equations (2.111) and (2.112) are valid only for the nondegenerate case of 
nand p < N~,). Introducing them into (2.110) yields 


n+ p=ni=N,:N,- e7 Ge-EOaT (2.113) 
or 
ny = /N_N,e7 2Ee~ Boer (2.114) 
3/4 34 T 
= 2.5.10"? cm=3 ) -(%) +( ) -1/2(Ee- EAT (9, 
ny = 2.5.10" em (= = x00°K)° (2.115) 


The intrinsic density thus depends on the effective mass of the carriers, the 
temperature, and the band gap E, — E,. 
For germanium at 300°K this value is 
n, = 2.5-10'? cm=3. 
Since the number of atoms per cubic centimeter for germanium is 
4.52 > 10?7,7 
this means that one has 


4.52+ 10? 
2.5: 10% 


The purity of 1 part in 10° is astonishing from the point of view of action 
radius for impurities for lightly doped semiconductors. A defect or only a 
vacancy has similarly extended charge clouds. If we calculate the first Bohr 
radius multiplied by the dielectric constant of germanium:* 

2 


a = 600A (e= 16.1), (2.116) 


= 1.8- 10° germanium atoms per impurity atom. 


the result is 
a, = 16.1 +0.53- 107 cm 
=8.5-107* cm. 

Assuming that the charge cloud occupies a sphere with radius 2a,,* the volume 

é n(17 + 1078)% 

3 
is occupied. With the lattice constant of germanium a = 5.61 -20-® cm, we 
can calculate the number of germanium lattice cells occupied: 

4n- (2) = 4+ 3.023 
2114, 


2.4 Donors and Acceptors 33 


Since each cell contains eight atoms, the total number of atoms within the 
charge cloud is over 900. It is evident that vacancies and dislocations with their 
free-bond charges have a similarly wide range of electrical field influence. 
Movingacross the germanium lattice with intrinsic purity (n, = 2.5 - 10'?cm~), 
one can find that 4.52 - 10??/2.5 - 10'* = 1.8 - 10° germanium atoms surround 
at an average one impurity atom. Or, on a linear basis, one can encounter 


3/1.8+ 10° ~ 1.2+ 103 


germanium atoms per impurity atom. The astonishingly wide reach of the 
influence of electronic charges within periodic structures is another expression 
for the loose binding of the fifth valence electron. But also in the case of 
vacancy- and dislocation-generated free charges, the fact remains that one 
free charge on 1000 lattice sites is sufficient to influence the resistivity and the 
mobility in the crystal. In other words, the main feature of the perfect lattice 
structure is the propagation freedom of an electron wave package over wide 
distance. Like the electron wave 


W(x, k) = Ae** 
in free space, the Bloch wave 
¥(x, k) = u(x, ke™* 


cannot be associated with one lattice point, but is “ smeared,” or distributed, 
across a number of atoms because of the lattice periodic amplitude function 
u(x, k). In the case of a free bond or dangling bond, the fourth valence electron 
represents initially a transacceptor near the conduction band (see Figure 2.14a). 
After accepting a free electron, this bond changes to a cis-acceptor below the 
middle of the gap but near Ey (Figure 2.146). In the case of dangling bonds, 
it is thinkable that electrons are added as long as energy is gained to lower the 
energy level below the Fermi level. This explains the behavior of dislocations 


Y 


Fig. 2.14 Energy levels of dangling bond (a) unfilled (b) filled 
(©) compensated + 
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to act as “hole sinks” after they have been able to build a space charge cloud 
around themselves (see Figure 2.14c). Afier the covalent bond sharing in a 
tetragonal arrangement about the dislocated atom is disrupted, the s,p 
valence electrons are shared by hybrid orbital bonding with neighboring atoms 
in a higher energy state. This high-energy situation can be lowered by two 
atoms sharing a free electron, which brings each bond into a cis-acceptor 
state. By further electron association between bonds, a cis-donor state builds 
up when a compensating hole charge surrounds the atom. In this way a free 
bond creates a local small space charge cloud. It is, incidentally, this behavior 
which gives these mid-band levels their strong electronic influence on carrier 
transport (see Chapter 8). If the local density of holes around the dislocation 
has reached a value pp > n,, the material behaves p type, and the conductivity 
passes through the inversion point near to the dislocation. 

The other important aspect to the mid-band level is the high recombination 
probability. If a barrier layer is combined with such a center, it also acts like 
a p-n junction barrier separating electron-hole pairs. 

The local barrier layer not only of coherent grain boundaries but also of 
individual dislocations has been elucidated recently by scanning electron 
microscopy and establishes a proof for a number of premises used in the 
refined transport theory of dislocations (see Chapter 8). 


2.5 RECOMBINATION 


If one wants to study the importance of a defect, especially a dislocation, 
for recombination processes, one has to remember, as mentioned, that the 
mid-band levels are especially active in this respect. This can be derived from 
the fact that holes and electrons require about equal energies to move halfway 
from the valence respectively the conduction band. In the treatment of the 
statistics of hole-electron recombination,® the energy level of the active trap 
E, is generally assumed to be at some place above or below the Fermi level 
Ey. For Ey = E,, the number of electrons in the conduction band is given by 


E,—E, 


ny = N,exp i (2.117) 
and the number of holes in the valence band is 
E,—E, 
=N, -—, 2. 
Pr expr (2.118) 
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If one defines the rate of capture for electrons U,, in terms of m,, one gets 
Ven = Cufen — Cf, (2.119) 


where n = number of electrons in conduction band, 
C, = probability per unit time that electron in conduction band will be 
captured (in the case of empty traps), 
J, = fraction of traps occupied by electrons, 
Jn = fraction of traps occupied by holes. 


Shockley and Read* have shown that the net rate of recombination U can 
be expressed as 
C,C,(p- — pims) 
Cn + my) + C,(p + pi) 
C, is the expression corresponding to C, that represents the probability, per 
unit time, that a hole will be captured if the traps are filled with electrons. 
In equation (2.120), the product pn, is, according to (2.117) and (2.118), 


E,-E. 


(2.120) 


Pin, = N,N, exp (2.121) 
This means that this product of the carrier densities (Fermi level at £)) is 
independent of the particular trap level and equal to n?, where n,is the intrin- 
sic carrier concentration. 

Since generally 


E.-E, 

pom= N.Ngexp(~ =£—*1) (2.122) 

is also equal to n? in the intrinsic case, there is no net rate of recombination, 
according to (2.120) since p+ n= p,-n,. 


In a medium temperature range the carrier-density difference is equal to the 
donor-acceptor difference: 


n—p~N,-N,, (2.123) 
and one can approximate 
n= Nj~ Nie 

nade aye 
with (2.124) 

«7 

~ Ny-N,” 
For strong n-type doping we have N, > N, and 

n= Ny, 


p~o. 
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In this case the net rate of recombination, according to (2.120), is 


ae C, Cyn? 


=> Et 2.125, 
C,(n +4) + Crp; \ ) 


If it is assumed also that p,, the trap-induced number of holes, is small, 
the net recombination rate is 


_ Cynt 
va. (2.126) 


It follows that the capture of holes is predominant for electron-filled traps, 
This is in agreement with the measured behavior of dislocations with levels 
in the upper half of the forbidden gap. Shockley and Read relate the expres- 
sion for U (2.120) to the case of p-n junction biased in the reverse direction. 
In this case the space charge region U.5.ch, May penetrate the n-type region, 
causing both n and p to be reduced below m, and p,, with the result 


C, Cyn? 


—Uso.en, => 
0 nit CPi 


(2.127) 


The net recombination rate is now a space-charge-dominated process. In 
the case of dislocation-induced traps, the dangling bonds have the acceptor 
character first and fill up with electrons, leaving a number of holes in a space- 
charge configuration around the traps. An increase in carrier density in the 
sample—by carrier injection, for example—generally results in an additional 
number of holes to be bound to the space-charge region because of an in- 
crease of the quasi Fermi levels. Actually, a split in quasi Fermi levels occurs 
at the area of injection so that the electrochemical potential for electrons 
moves toward the conduction band, and the e.c.p. of holes toward the valence 
band. 

In samples separated into two halves by a complete grain-boundary plane, 
for example, a sharp n-p-n double layer builds up with a carrier-dependent 
barrier height. If an external carrier flow is maintained through a potential 
drop, the situation becomes more complex, as discussed later. 

The simplest recombination process is shown in Figure 2.15a. Either an 
intrinsic recombination takes place across the band gap or by way of a re- 
combination center £,. Electrons can also reach the recombination center 
from the valence band (see Figure 2.155), process (4), or filled recombination 
centers can release electrons to both the valence and the conduction bands. 
In Figure 2.155 another process is drawn, showing how empty centers can 
accept an electron from the conduction band (1) or release a hole to the valence 
band (4) and how filled levels can release an electron to the conduction band 
(2) or accept a hole from the valence band (3). In addition to the fact that a 
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(a) 


Fig. 2.15 (a) Hole-clectron recombination (b) Different recombination 
Processes via empty and filled centers in the forbidden gap 


dislocation has an energy level in the forbidden gap, which may assume 
any of these functions, we have to consider a more detailed model distinct 
from ordinary impurity levels. When the lattice structure is disrupted and 
free bonds have formed and electrons have moved into shared positions, a 
strain field has been generated, and an area of higher energy is formed. 
Around an edge dislocation in particular the additional half plane causes a 
companion dilatation zone that is a lieu for anomalous lattice wave coupling 
and as such can supply phonon energies of varied amounts. At such points in 
the lattice structure, recombination, either radiative or nonradiative, is more 
likely to occur. The release of energy combined with a direct recombination 
Process, as shown in Figure 2.15a, can be realized by the emission of the pho- 
ton energy h¥. This emission process of electromagnetic radiation, however, 
is subject to the quantum-mechanical selection rule that the wave vectors 
of electrons in their initial and final state must be conserved. Thus, direct 
transitions for equal wave vector k values are combined with the emission 
hv = Ep (see Figure 2.16). If, however, the transition process involves a 
satellite minimum—k[100] in Figure 2.16, for example—of the conduction 
band, the energy £; is broken down into a portion J, entirely due to a wave 
vector adjustment k[000] + k[100], and a portion LI, corresponding to the 
indirect gap E,. Only this portion can be converted into radiative energy hy. 
The adjustment of k, which is necessary to effect this Process, is facilitated in 
the field of a strong lattice disturbance like an edge dislocation. Here the 
Phonon spectrum is broadened, and new vibrational modes can be generated, 
as described in Section 2.1 in the case of a small lattice disturbance. 


1 
k(000} [100] 


Fig. 2.16 Direct transition Ep from valence to conduction 
band valley and indirect transition: 
Ey'= E,+(k{000) + k[100]) 


The cases of radiative and nonradiative recombination in the presence of 
dislocations are of great importance for the direct gap semiconductors of the 
IlI-V compound type?’ !° and are discussed in Sections 9.5 and 9.6 in more 
detail. 


2.6 PHOTONS, PHONONS, AND ELECTRONS 


The analogy between the quantum of energy in an elastic wave and the 
electromagnetic quantum accounts for a number of important interactions 
within the crystal continuum. 

A phonon of wave vector k has a momentum hk, as has the photon of the 
same wave vector. Their interaction occurs by way of the refractive index. If a 
phonon wave modulates the periodic structure and thereby changes the local 
state of strain, this is equivalent to a modulation of optical properties. 
The wave vector of the photons 


(k =k from here on), 


where n = refractive index, 
c= light speed, 
can be expressed as 
— M(Kphonon) * 
€ 


: (2.128) 


since n =f(Kyhonon) 
By conservation of wave vector, the condition 


Akypowon = hk gnoton + HK phonon (2.129) 
has to be fulfilled (see Figure 2.17).?*!" 


(Photon w’) 


k 
Photon w 


Fig. 2.17 Conservation of wave vector 
in photon-phonon interaction. 


For the case of k = k’ the triangle is isoceles and the phonon wave vector is 
_@* 
K=2ksin-=. 
2 


The similarity of phonons and photons is elucidated by a scheme that des- 
cribes the historical parallelisms in their treatment. Since the scattering of 
light by thermal phonons (in equilibrium) is known as Brillouin scattering, 
lattice vibrations are a major cause of quantum interactions between electrons 
and phonons. In a corpuscular view, electrons interact with acoustical and 
optical phonons as they interact with other lattice imperfections like vacancies, 
interstitials, and dislocations. It is noteworthy that such defects as dispersion 
centers often allow for a more efficient coupling of lattice waves, electron 
wave packages, and photons. The wave-vector adjustment in multiple pro- 
cesses (2.129) can be facilitated when a defect level is available with the right 
components.®!? In the case of elastic scattering of a photon by a crystal 
(Bragg diffraction), for example, the wave-vector conservation condition reads 


k=k'+R, (2.130) 
where k = wave vector of incident photon, 
k’ = wave vector of scattered photon, 
R = wave vector in reciprocal lattice. 
If, however, the scattering is inelastic, a new phonon with wave vector K has 
to balance the difference: 
k=K+R+K. (2.131) 
At a defect the new phonon may be absorbed easily if, for example, 
k+K=k'+R, (2.132) 
and in this case the whole process may increase in probability. 
* K, = 4 n2m/Ais a pseudomomentum and defined only within an integral multiple of 


2r/A. But in the presence of the periodic lattice, the additional momentum AK, can always 
be supplied. 
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Comparison Scheme 

The similarity of the methods in both cases shows that small lattice per- 
turbations like defects can catalyze such multiple processes as photon- 
electron-phonon interactions, which are of importance in radiative recom- 
bination processes. 

In our comparison (see also Reference 4) we have mentioned the crystal 
electron and its interaction with both photon and phonon perturbations. The 
distortions of the periodic potential field due to thermal vibrations (phonons) 
are directly imparted to the electrons. 


Electrons and Phonons 


The Bloch wave function (2.58) can be considered periodic in crystal mo- 
mentum P, and energy E,. If we define 


+h v 
Ppa = th i (2.133) 
where v = local velocity of wave, 
and 
E, = hy (2.134) 
the normal Bloch wave takes the form 
Wel, t) = Ap(x)el—oCndion (2.135) 
= A,(x)exp 2ni(v -v *) (2.136) 
2ni’ 
= Aytsexp() Et — P,x) (2.137) 


(see also eqn. (2.58)). With the introduction of the crystal momentum and 
the energy into the electronic wave function, we can assess the influence 
of local changes of the periodic potential field. The Bloch wave functions are 
then no longer exact solutions, and electrons starting with one value of mo- 
mentum P, make transitions to other states of momentum. Since the wave 
vector phase is k’ = 2x(d/2) (d = lattice constant) and also 


hk! m2¢~ 2 +h, (2.138) 
nov 


or 
hk’ = 2xP,- d, (2.139) 


the momentum P, is analogous to hk. As the wave vector satisfies the periodic 
boundary conditions, so does the momentum P,. If the periodic structure is 
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distorted because of phonon waves, the lattice constant undergoes correspond- 
ing changes and the wave vector phase changes for equivalent amounts: 
Ak’ = 2n(Ad/A). Therefore, a varying momentum 

AP = hAk (2.140) 
is to be introduced that is equivalent to the fact of varying the potential 
energy of the moving electron. These potential changes are generally referred 
to as deformation potentials when caused by changes of energy-band bound- 
aries. A change in energy 5E, corresponds to 


6E, = 6P, +0 (2.141) 
[(2.133) and (2.134)] and since P, = m,v,, we may write 
5g, = fe SPs (2.142) 
ms 


when all energies, momenta, and the mass are understood in the x direction 
for the lattice under consideration. A varying momentum 


5P, =h ok, 
bd, 
6P,=h a (2.143) 
is due to a lattice change 6d, . In (2.142) the energy change is therefore 
h\? d, dd, 
6E,=(=) -—, 2.144) 
Es () m d, ¢ ) 


a function of the relative dimensional change. In a three-dimensional crystal 
all three coordinates contribute to the actual energy change, and within the 
limits of Hooke’s law we may write that the energy changes E.—in the con- 
duction band, for example—are a linear superposition of all three dimensional 
changes. This leads to a volume change dV/Vo or to 

5E, = Em ae (2.145) 

Yo 

This can be related to a pressure on the lattice with corresponding pressure 
ratio dp/p = — B(6V/Vo), where B is the bulk modulus or reciprocal compressi- 
bility. Z;, is the unchanged electron energy. 

These relations are important for the assessment of defects in their influence 
on the band structure. Measurements of energy band changes with pressure 
as parameter have been made extensively, and the lattice strain around the 
major dislocations is known such that it is possible to derive the local electro- 
nic band changes. (We come back to this problem later.) 

So far we have envisioned the most simplified case of changes in the elec- 
tronic wave function by a lattice distortion (vibration) in a homopolar 
lattice. As phonon waves compress or dilate the lattice and change the local 
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electrostatic potential of the electron, scattering may occur. In this case the 
principle of the conservation of wave vector has to be valid as expressed in 
(2.131) or (2.132) for the photon-phonon interaction (or for phonon-phonon 
interactions). In reality the extension of the smeared-out electron cloud 
over thousands of lattice sites (see Section 2.4) does not move without defor- 
mation. The wave function extension creates a background gas, and the core 
moves relative to this gas, giving an ionic contribution to the overall charge 
cloud. The rigid and deformable ion cases have been treated by approximation 
methods'?. 


2.7 DEFECT ELECTRONS 


The concept of the missing or defect-electron as a charge carrier is important 
in the context of defect structures, since a disrupted bond can have a negative 
as well as a positive core charge, as we have seen. Missing electrons or holes 
predominate carrier transport in cases of a space-charge buildup around 
dangling bonds in homopolar lattices and around the negative core charge— 
in germanium, for example. 

In compound semiconductors the situation varies, depending on the geo- 
metrical arrangement of the A and B surfaces with respect to the slip vector. 

Hall data show that the two kinds of carriers are present in samples even 
at thermal energies: kT = 2,5: 10~? eV. (For positron liberation, energies 
would amount to E = mc? ~ 10° eV.) 

External fields as high as E = 10° Vcm™! still have a small influence at 
atomic distances of ~5-10~* cm. Atomic lattice fields would amount to 
5+ 107% eV in this case, while the lattice potential variation along an electron 
path is of the order of 1 volt. 

In an analogy between the free-moving electron and the crystal electron 
one can state the equality: 


d 
External force + lattice forces = m =A (2.146) 


External force = Mer ¢, (2.147) 
where 5 = mean electron velocity, 
Mege = effective mass. 
In (2.147) all influences of the lattice forces are lumped into the value 
of the effective mass. This is no longer a fixed value but a tensor in the 
three-dimensional case and can also assume negative values for quasi free 
carriers (see Section 2.8). 
In the classical Hall measurement, the sign reversal clearly demonstrates 
the preponderance of positive charge carriers or holes (see Figure 2.18a and 5), 
and the Hall angle is a direct measure of the respective mobilities see Fig. 2.18. 
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Fig. 2.18 (a) Hall voltage in the case of electron 
conduction (b) Hall voltage in the case of hole 
conduction (c) Lorentz-force and Hall angles for 
hole and electron conduction 
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The probability that a state E, is not occupied is 1 —S(E,), with f(E,) being 
the Fermi distribution function. Thus 


1 

1 + exp[—(E, — Ep)/kT] 
1 

expil(—E,) ~ (EAT) +1 
or if we designate —E, = E,, the energy of a hole, we have the equality 

1—fE,) =f(E,). (2.150) 

The Fermi level is now above the hole energy level in a somewhat reversed 
situation in the bands, 

With respect to the carrier mobility, this is not an equivalent situation, 
however. Since the defect electron represents a missing charge in the otherwise 
full valence band, its movement is more restricted than is the case with the 
excess electron in the conduction band, In a simple picture, the hole transfer 
across the lattice is generally represented as in the opposite direction of the 
electron such that one might be tempted to equate the mobilities of these 
carriers. Experience shows, however, that the higher the electron mobility, 
the lower generally the hole mobility (on a relative scale), 

For InSb, for example, electron mobilities in the range of 10° cm/sec/V/em 
have been measured, although the hole mobility is a few 100 cm?/V sec. In 
general, the hole-mobility-electron-mobility product is important for an 
assessment of the electronic features of a material with respect to device 
potential, the other important feature being the band gap and generally the 
band structure. In this respect germanium has prominent features and is sur- 
passed only by the compound InSb, and approached by InAs, GaAs, GaSb 
(see Table 2.1), 


1 — f(E,) = (2.148) 


(2.149) 


Table 2.1 
Band gap 
Eg, optical Melting Mobility product Hn Mp 
300°K, point, Hn bp relative to 
Crystal type ev °¢ em*/(Vsec)? germanium 
AISb 1.6 1065 4.0 x 10* 0,006 
GaAs 1.46 1238 4.0 x 10° 0.55 
Ge 0.66 940 7.0 x 10° 1 
Si 1,12 1420 6.5 x 10° 0.1 
GaSb 0.7 706 2.8 x 10° 0.4 
InP 1.26 1058 1.7 x 108 0.025 
InAs 0.36 942 5.5 x 10° 0.8 
InSb 0.18 530 4.5 x 107 6.4 


=. A] ss 
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The fact that a moving hole in a similar doping situation encounters so much 
more scattering than an electron, stems from the fact that a displacement of a 
missing charge in the almost filled valence band undergoes a much stronger 
interaction with the lattice than a free excess charge in the almost empty 
conduction band. 

This difference also accounts for the presence of different effective hole 
masses (light and heavy holes) and the possibility of negative masses within 
certain crystallographic directions (see Section 2.8). 

Conforming to the original Heisenberg concept, there is transport equiva- 
lence between the cases: 


Empty band: negative charges 
Almost full band: positive charges, 


where the effective mass is of the same absolute value in both cases. Its sign 
changes, however, when the change in sign of the field force on the reverse 
charge is considered. This does not really mean that electron masses are 
negative but that a force applied in the direction of motion decelerates the 
charge carrier. This is spelled out in Section 2.8. 

From resistivity and mobility plots versus 1/T, the activation energy E, in 


plu) = en Ea/kT 


w= -(8)-) 


can be found. From the asymptotic values at high temperature (intrinsic case), 
the energy required to break an atomic bond can be found. The analysis of 
the activation energy at lower temperatures yields the energies required to re- 
move an electron from its donor and a hole from its acceptor state. For silicon, 
representative values are: 


energy to remove electron from donor = 0.054 eV, 
energy to remove hole from acceptor = 0.08 eV, 
energy to break Si bond = 1.11 eV. 


In accordance with the stronger binding of holes to acceptor states, their 
mobility has to reflect this stronger force by lower values than those found 
for electron mobilities. In this case the hole has a 1.5 tighter binding than the 
electron (14,/) = 3). In germanium this difference is smaller because of the 
smaller ratio p,/u, ~ 1.8. In Ay, By compound semiconductors these differ- 
ences can be extremely large. For InSb, for example, the ratio s4,/u, is about 
10? at 300°K, and consequently we find that holes must have a 50 times 
tighter binding than electrons in this case. 
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This situation may change drastically in the presence of defects that change 
the normal lattice structure. This is especially true for rows of dislocations 
(lineage, boundaries) in which defect conduction along such inhomogeneities 
can produce higher local hole mobility values (see Chapter 11). 


2.8 THE EFFECTIVE MASS 


Because the classical impulse of a wave package is proportional to the 
DeBroglie frequency (or wave vector), the mass of the moving charge carrier 
is a measure of the fine structure (second derivative of the energy versus wave- 
vector curve.) 

This makes the effective mass an important piece of information and relates 
its values to the actual band structure of the crystal material under considera- 
tion. 


In this sense the lattice configuration is expressed by effective-mass values. 
A free-electron wave package represents an impulse mv = p = h/A, where 
4 is the DeBroglie wavelength. With the wave-vector representation 


2n 
k=, 
P=h-k, (2.151) 
the electron energy can be expressed as 
Em jm =e, (2.152) 
and thus 
cork. (2.153) 
2m 


=A? a, 5 
ok m’ 0k? m G14) 
‘The particle mass can then be expressed by 
he 
m= hen = sep (2.155) 


Thus it is an aspect of the effective mass ‘Meee tO Change corresponding to the 
curvature of the energy versus wave-vector characteristics within the crystal, 
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or corresponding to the response of the Bloch wave functions to the parti- 
cular lattice configuration. Equation (2.153) follows also directly from the 
Schrédinger equation 


a 
~Fvy + Boy = in, (2.156) 


E,or is the potential energy composed of external forces and the crystal field 
forces. In the most simple case of a free electron in a potential field U we can 
write E,,,= —eU. In this case the Schrédinger equation has the solution 


V(r, 1) = U(r, Kye" Ft, (2.157) 


and when no crystal-field-dependent amplitude function exists (plane waves), 
we can write 


t 
wr, = A-exp|i(k-r 2 )]. (2.158) 
Introducing this solution into (2.156) gives the result (2.153) if we interpret 
E(k) — Ey. = E(k) + eU as E, the total energy of the electron. Addition of an 
external force F changes E,9, to 


Epo, = —eU —F, +r. (2.159) 


The external force is here defined by F, = —grad (—F <r) or the vector F, is 
the gradient of the scalar product of F and local vector r or the potential func- 
tion(—F +r). This leads to a Schrédinger equation 


tv? a 
FV (CU + Fe ain, (2.160) 
with the solution 
ver, ) = Wer, K(exn| - 5 EtK(O)] ar} (2.161) 
= Aexp ifkco ope i coy ar| (2.162) 
o 
and 
h? 
E{k(t)] = —eU + = Ik(4)|?. (2.163) 


We see that the wave vector and E£ are again related by an equation of the kind 
of (2.153) and that 


(2.164) 
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The force F, is given by 
Ov 
fFedt=m [Eat (2.165) 
or 
F.-t=m-o. (2.166) 


Equations (2.166) and (2.164) indicate that an external force F, applied, changes 
the wave vector from an initial value k(0) at time ¢ = 0 to a value 


k(t) = k(0) + F F.+t (2.167) 
or 
k(n = ; + Fe. (2.168) 


In other words the time derivative of the wave vector is proportional to the 
external force F,. Using again the DeBroglie relation (2.151), we see that 


h 
v= oe (2.169) 
mo 
and the energy can be expressed as 
Ark? 
E(k) = ing? (2.170) 
Since 
dE(k) _ hk 
re = ; (2.171) 
we can establish the relation 
10E(k) 1 
Papa a5 Ve EW. (2.172) 


This equation relates the local velocity of a wave package to the energy change 
in k space and is valid in all three dimensions. Equations (2.168) and (2.172) 
enable us to establish the general analogy F, = mé for F, = hk (2.168) or to 
write the effective mass in its three-dimensional tensor form, From (2.172) we 
have 
0k _ dv, 6k, | dv, dk, Av, dk. 
b, = (V,0,) — me i SS OO 
= Vu) oe Be ort Be, ott Bee ar 
6k 
8, = (Wau,) 5 = ete. (2.173) 


5 6k 
b, =(V, Da =etc. 
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From (2.172) we have 
ov, 10E 
2k, haR2 (2.174) 
and from (2.168) 
ok, F, 
2a, 17. 
ah (2-175) 
Thus 
, . 1/ee @E @E 
ea (eB Fea + Fak, Te * 5k, ok, Fs (276) 


and so on for é, and é,.1° 
In defining the effective mass in real instead of k space, we use the analogy 


F, = hk = mv = crystal momentum, 
which follows from (2.174) and (2.175), and write (2.176) as follows: 


@E OE @E 
0k2 (Gk, Gk, Gk, dk, 


1 1] @e @E @E 
|< |-% Gk, dk, k= Gk, dk, |" ee) 
@E @E @E 
Ok, 0k, 8k, ek, Gk? 
For the free electron this reduces to 
Eh. 4 
mo 
1 
|= allig OL (2.178) 
mo mo 
6: co 
mo 


From (2.177) we can see how sensitive the effective mass is with respect to the 
energy surface. Any disturbance of the E(k) relation due to crystallographic 
defects changes m,,, and, therefore, the local carrier transport. If an entire 
band is filled—the valence band, for example —except for the eigenstate with 
wave vector k, we have a hole with this k vector. Heisenberg has shown that 
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this hole moves under the influence of a field as if it had the effective mass 


1 1 
m m 
At the upper edge of the valence band, electrons usually have negative masses 
where the holes have positive effective masses. Or electrons have positive 
masses near the lower edge of the conduction band where holes have negative 


effective masses, (Holes behave in the half-empty conduction band like elec- 
trons in the full valence band). This can be shown by starting with the equality 


(2.179) 


hole jelectron 


- 1 
b=]]/— 
m 


| (-eE) (2.180) 


of an electron subjected to the local field force -eE. Multiplying this by f(A), 
the occupation density of the valence band in k space, and integrating over 
all electrons lead to 

1 

m 


[G10 k= ([ff 109 


Since for a full band /(k) = const = N = number of electrons, we get 


N ¢ = const( [ff 


since in a full band no acceleration occurs, At the surface of the reduced zone 
the slope of the energy change in a direction tangential to its surface is zero; 
that is, the integral (2.182) vanishes here. If, however, the band is full with one 
exception, one hole with wave number k = k’, then 


do 
vee 


#K)( —eE). (2.181) 


a | #k)(—eb) =0, (2.182) 
m 


1 
a ||. (2.183) 


or the kinetic energy of holes is counted opposite that of electrons: 
E,(k) = — E(k) + const. 


0° E/ 0k? is negative, m is negative. 

The energy contours of heavy holes, for example, in germanium are parti- 
ally concave (see, for example, Ref. 13), which means that the force field 
F(—eU) of a vector force in a certain crystallographic direction accelerates 
the electron or hole wave package in a different direction from the vector 6. 


If in 
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This means force F and vector # do not coincide and 67£/dk?2 at the upper 
band edge near the maximum of E(k) is negative, meaning that 
nr 
yore = SEES 
Xeort 0. E, i i} k2 


is negative. This situation is shown in Figure 2.19. Since 


imap bbo2e 4 
at the upper band edges, 
OE 0b 
We <0 or at <0, 


which implies negative effective mass there. This means only, as we stated, 
that a force applied in the direction of motion decelerates the carrier. At the 
points 6°E/dk? = 0 the effective mass is 


Mere = 0. 
We see that within the allowed energy bands (see Figure 2.19) the electronic 
effective mass starts positive at the bottom, increases to the curvature change 


(me => 00), and becomes negative at the upper edge of the bands. The reverse 
situation applies for the hole mass. 


E eV (electrons) 
t eV (holes) 
- LUM hy 
ca Y Srna (pos) 7 


:—> 


Fig. 2.19 Splitting of forbidden bands due to Bragg reflections (see 
Figure 2.12) and effective masses within the allowed bands. 
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In normal transport problems, therefore, only holes in the upper part of the 
lower band (valence band) and electrons in the lower part of the conduction 
band are considered, 


2.9 INTERBAND TRANSITIONS 


The addition of an external force F, to the crystal field forces eU(r) gives the 
wave vector a time dependence, as we have expressed by (2.168). The corre- 
sponding time-dependent Schrédinger equation 


h? a 
=F VME 1) = (CU(N) + Fe WE, = jh (r,t) (2.184) 
2m ot 
can be solved by the Bloch wave function 


Wr, 1) = wer, rex] BK) ay]. (W. V. Houston)* (2.185) 


v 

he, 
This can be written in terms of the solution of the stationary Schrédinger 
equation 


W(t, k(t) = u(r, k(t))e*"* (2.186) 


or 
U(r, t) = u(r, k(1))exp ifkcoe -} | CC) ar| (2.187) 


This solution does not take into account that the force F, can also induce 
transitions of electrons into higher energy bands. If the wave function is 
written as a sum of wave functions of the type (2.187), the exact solution is 
found. Each of these sums has a time-dependent amplitude coefficient and a 
probability for transitions of electrons into higher bands that can be given as 
the amplitude square of the corresponding order. The well-known approach 
by Zener* is based on the assumption of a quasi-stationary behavior of the 
wave functions within measurable distances in the lattice because an external 
field E, in volts per centimeter represents a localized crystal potential of only 
10~* Y. External breakdown fields of 10° V/cm, for example, lead to internal 
crystal potentials of 107° V. This is three orders of magnitude below the 
lattice potential, compare section 2.7. Along this line of argument the station- 
ary Schrédinger equation 


h? 
aor W(x) — (CU(x) + Fe x(x) = E(x) (2.188) 
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can be contracted to 
ae ; aah 
— Fm WO) — €° UWE) = Ee WO), (2.189) 


where E,= E+ F,-x, is the local crystal field as a superposition of the 
electronic energy and the additional external field energy. 

Since there are n steps of field influence along a distance x in the crystal, as 
assumed by our approximation, Zener’s solution of the wave equation is 
simply 


Wx) = u(x, Kjexp| J “fe as] : (2.190) 


in other words it is a solution like (2.98), but with the feature that the periodi- 
city function in the Bloch wave is slowly varying with x. If the energy expres- 
sion for the crystal electron increases to values beyond E + Fx = E, > Ebanas 
where Ey, are the allowed energy values in one band, the wave vector k 
becomes complex until the next higher allowed band can be penetrated, 
Introducing a specific function for the lattice potential, for example, 


U(x) =2A cos 2%, (2.191) 
where d = lattice constant, 
A = amplitude, 
yields 
ke) =F] ei +i—— a JA »*]. (2.192) 


If k(x) within the crystal lattice changes from real to imaginary and back to 
real for the x values xp and x, (see Figure 2.20), or 


k(x) < k(x,) real 
k(x) > k(x) complex 
k(x) > k(x,) real, 


we can define a probability of band penetration as in the tunnel effect 


Wx.) 
193 
- Re aha 
With (2.190) we get 
luxe, k(x,)II fe 
tae eer ail exo(- J Im k(x) ax)}. (2.194) 
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k(x) k(x) 
reel = \____y reel 
k(x) 
complex 


Fig. 2.20 Wave vector change from real to complex for electron transition 
through a forbidden band, 


The part Im k(x) dx is the imaginary part of (2.192), In the Zener approxi- 
mation the ratio of the lattice periodic amplitude functions is set equal to 1, 
and 


Xe 
we ex |-2f Im k(x) as] (2.195) 

xp 
is evaluated with (2.192) leading to an expression for the probability of pene- 


tration: 
2 


mdE?, 
BF ). (2.196) 
where E,, = width of forbidden zone (upper edge of valence band to lower 
edge of conduction band), 

d = lattice constant, 

m = effective mass, 

F, = external field, 

h = Planck’s constant. 


we exp(- 


Equation (2.196) shows that relatively high fields |E| = (1/g)F, are needed to 
give w a value so that the expectancy of band penetration becomes measurable 
for the usual band gaps E,,. 


If additional energy levels within the forbidden gap occur, field-aided 
localized tunneling may become possible. 
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W. Franz* has evaluated (2.195) more thoroughly for the case of electrons 
in impurity levels and derives an expression 


é 4 J2men op ysi2 
w= exp She [e Eo iF (2.197) 


where —_q = electronic charge, 


qlEl=F., 
Mere = effective mass, 
h 
h=-, 


2n 
E;, = energy difference between impurity level and lower edge of 
conduction band, 


As Ej, and mere become smaller and E higher, the probability of emission of 
electrons from interband levels to the conduction band increases, From this 
point of view it is obvious that an increase in the number of ionized centers 
with a certain spread in energy levels gives rise to field emission and breakdown 
phenomena at lower than critical field values (E,,.) Dislocations introduce 
interband energy levels and, therefore, should lower the necessary field for 
interband transitions. From the work of Chynoweth and MacKay'* it is 
known that an intimate correlation exists between junction breakdown pheno- 
mena and field emission. With decreasing junction width (increasing doping) 
Zener breakdown and avalanche multiplication (microplasmas) go over into 
field emission and soft breakdown. In the latter case the role of dislocations 
seems all important, and light-emission spots are clearly correlated to the 
etch-pit micrograms of the crystals. In the external field of the tilted bands a 
number of transitions are possible (see Figure 2.21). First, there are transitions 
from contacts or surface states into the conduction band (1); (2) represents a 
field ionization of a local energy level of an impurity, for example; here inter- 
level tunneling can also be involved from one lower level to a higher level. 
(3) would be a typical case for a dislocation-induced series of levels and sub- 
sequent field emission of electrons from the valence to the conduction band. 
Such areas are also preferred spots for the formation of microplasmas. (4) 
would be the ideal Zener breakdown and (5) the hole injection process from 
the valence band to the crystal anode. 

If dislocations generate preferably mid-band energy levels, it is probable 
that they also are responsible for local field emission. Because of the space 
charge at the dislocation site and the high conductance in the axial direction 
of the space-charge cylinder, the dislocation pipe represents a strong local 
field inhomogeneity so that electrons reaching the conduction band through 


* Ergebn. exact. Naturw. Vol. 27; p. 16 (1953) and Ref. 4. 
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Fig. 2.21 Possible electron transitions from valence to 
conduction band (see text). 


field transport easily recombine with lower-lying dislocation levels in a radia- 
tive process. The whole structure at a dislocation space-charge pipe is typical 
of preferred recombination due to the high barrier height at the pipe and the 
interband levels. In (2.197), w is large because F, = q|E| is large and E,, is 
small. A fact that has to be considered here also is the overlap of the elec- 
tronic wave functions within a dislocation pipe where dangling bonds can be 
found at lattice spacings within the additional half atom plane (see Chapter 8). 


2.10 SCATTERING 


Impurities, defects, and phonons are the main scattering sources of moving 
charges in real crystals, Bloch waves in perfect periodic structures should move 
very freely when subjected to field forces or, for example, under the influence 
of incident photon energy. The group velocity expressed as 

1 
va grad, E(k) (2.198) 
shows that the dependence of the energy on k is the main factor (see Section 
2.8). U X Mere Gives the mean impulse of the Bloch wave. The thermal velocity 
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derived from the chemical potential ¢ (see footnote)* shows, in fact, that for 
impurity densities near degenerate and small effective masses velocities in 
excess of 107? to 107! ¢ are possible (c is light speed). Compare also Chapter 
15. But collisions with defects randomize the velocity vector. Therefore, we 


* In terms of the effective state density in the conduction band 


aa an aa 
N= (57) =25- 1o-("et) (sox) cm-> 
m 


nis always large compared with N.. For N ~ n the temperature of the metal would have to 

be raised to 
oy (4: 102? \2? 
ra 0x (510°) 

For mer = mo, it follows that: 
T = 300°K : (1,6 + 10*)?/? ~ 40,000°K, 

that is, well beyond the melting point. In other words, the high density of electrons in the 
conduction band makes a metal ‘* degenerate" in the sense of the Fermi distribution func- 


tion. The energy difference between the Fermi level and the lower edge of the conduction 
band, = Ep — Ec, is given by 


cea” 


Introducing here the expression for N, yields 


ra}(2)" £ wn, 


87, Met 


showing that in the case of degeneracy the temperature dependence of the Fermi level 
difference Ey — Ec disappears. For electrons at the Fermi edge this temperature insensi- 
tivity is well known. It is especially visible for all transport processes within defect structures 
(grain boundaries) where strong degeneracy prevails (see Chapter 8). 

The electron velocity can be assessed in this case from the equality 


mete 
2 


Pe ED) gene 
87, Mets 


7:72< 10% cen *see-#( _\( 
1 wen-ne(2) toa)”, 


or v is about 10° cm sec™!. 
One can also estimate v» from the energy versus k relation at the band center, since 
dE 


= = hive 


f=E,-E.= 


“Uy 
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have to define a mean free time 7 (¢ is a probability parameter and as such a 
constant—see, for example, Ref. 7, pp. 191-195). Also, the mean free path is 
vg*T, where v, is the thermal velocity (of constant absolute value). In an 
electric field E the particle acceleration is 


eE 
a=-—, 
m 
and we can define a drift velocity 
et 
= dt=——E. 2.199) 
m= fade=—= (2.199) 


The proportionality factor between v, and E is the mobility 


e 

he eas i (2.200) 
The condition for = being a constant (mean free time) is, however, that 
vq < vg. If this condition is not satisfied either by high local fields or operation 
at low temperature, Ohm’s law is invalidated, and we enter the field of hot- 
carrier physics,'> where |v,| = #|E| © vp and the critical field value is E,,;, ~ 
v,/t. Here we remain within the limit v, < vp and, therefore, write the current 
carried by n charges in a three-dimensional sample as 


(-e-n)va (2.201) 
= (—e+n)(—yE) (2.202) 
eunE, (2.203) 


i 


where n = number of carriers. 
With Ohm’s law, i = o + E, the conductivity is then given by 


-1 om-"1 = 1.6 - 10719 cm? 3 -3 
ofohm™! cm™'] = 1.6- 107"? w Ves n{cm~*). (2.204) 


(see Ref. 4), or use the crystal momentum equation 
mete Vo = hk, 


where mere ~ $+ 1077 g, 
10%cm-* — (band center), 


10-77 cm? gsec"* 1 
92107728 2 
~0.5- 10% cm sec™*. 


ue= *10%cm-* 
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In metals the number n of free electrons is about equal to the number of atoms: 
n~4-10?? cm73. 

With a metallic conductivity of ¢ = 4+ 10° ohm~! cm~', a mobility value 
= 60 cm?/V sec is found. 

The mobility value for metals, found according to (2.204), is relatively low, 
compared with values measured in semiconductors. There are two reasons, evi- 
dent from (2.200). First, the mean free time 7 is between 10 and 100 times 
larger than in metals, and, in addition, the effective masses are at least (5) M0 
and can be much smaller. 

With 4 = 60 cm?/V sec, we find from (2.200) for metals 


2 [sec] = (300 a) [cm?/V sec], 


== 3.6- 107 '* sec. 


The mean free path is of the order of 36 A.] 
Generally 


1 = @+ vy = 107 + 0.57 107" [om] = 0.57 x [A], 
since 
t=5.7 x 107'6 p [sec]. 


In semiconductors y can be an order of magnitude larger and consequently 
also 7 - v9. 

Aside from charged defects (foreign atoms) lattice vibrations (phonons) are 
the strongest disturbance for the electronic charge transport. For doping 
ranges below degenerate the impurity scattering is small in semiconductors at 
room temperature. In three-dimensional space the scattering leads to three 
current components for the electron. In momentum space a group n; of elec- 
trons in a volume element dEdQ, (dQ, is the region of energy shell considered) 
produces a current density 


ol = — 4 én, (2.205) 


where v; = velocity component of group n,, 
V = crystal volume under consideration. 


The fraction of carriers scattered into a new direction with velocity v. » during 
time df changes the current increment to 


ast = at { =ay= a) 


6n; W,; dQ; 
QE) v ° 


jj AQ;, 


(2.206) 


where Q(E) = energy surface. 
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The W;, is the transition probability from state i to j and a function of 0, the 
angle between initial velocity v, and final velocity v,. In a set of spherical 
coordinates with @ = 0 parallel to v;, the current change can be expressed by 


d5I = —dt dI | (1 — cos 0,)W(0,) dQ, (2.207) 
ef V J 


= —dt 6IWo<1 — cos 0> (2.208) 
(see, for example, Ref. 7). Here W(0,) is the transition probability referring to 
the scattering angle, and 


Wo = | W(6,) dQ, (2.209) 


is the average transition probability over the volume element in momentum 
space. <1—cos 0) is introduced as the average scattering parameter for all 
collision processes: 


<1 — cos 0) = x fa — cos 6)W(8) dQ. (2.210) 
0 


The current relaxation due to an arbitrary distribution of velocity vectors over 
the energy shell, using (2.208), can be written 
t 

461, = -a1,4, (2.211) 


where t, = relaxation time. 
This equation, integrated over all current elements, leads to 


dt 
aY 6, = di =~ (r an), (2.212) 
if 
i = (2.213) 
T= he", (2.214) 


Comparing (2.208) and (2.211) shows that 


1 
= W<1 — cos 0>. (2.215) 
a 
Since the probability of transition from one energy state to another is equal 
to the reciprocal mean free time 7 


1 
Wo==, (2.216) 
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we get from (2.215) and (2.216) the relation 
t= 1,<1—cos 0). (2.217) 
For the case of thermal vibrations <cos 0) = 0, (probability independent 
of 6), 
T=t. 
For impurity scattering, <cos > may approach unity for large 0 values; 
therefore, t, > 7. 
This can be seen from the application of the Conwell-Weisskopf scattering 
formula. For an electron, for example, the influence of a positively charged 
donor ion is equivalent to a negatively charged acceptor ion. Figure 2.22 


shows the two equivalent cases of scattering for a fixed scattering angle 0 
(equal ion charges, equal electron velocities). The value of the scattering para- 


meter is 
sg = Ey r 2 ‘| 
<1 — cos 0> (2) in[1 + = * (2.218) 


2 


where E, = electronic potential energy = aay 
M 
eo 
i ~ ae 
Cee: io 
a= = 


TSS 


Fig. 2.22 Electron scattering at positive and negative ions. 
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a, = linear ion distance, 
k = 16 = dielectric constant (Ge), 
E = mv?/2 = electron kinetic energy, 
a, depends on the doping range (see, for example, Ref. 7). 
The scattering parameter <1 —cos 0) is actually an average with a maximum 
value at 0 =x: 


Scattering angle 6 Scattering parameter <1 —cos 0) 


1 


CANA 


2 
0 


For an electron with energy E = kT, an estimate of the potential energy at a distance 
a,/2 from an impurity ion (a; is the mean distance of ions in lattice) is as follows. 
Assume that 


1 
Nz=10'%cm~ or ant. 


This gives 
a, ~10-Scm= 109A. 


Now the potential energy is 


a 
(41/2) 
10-7 
Ey =~— yz W0eV 
3(a,/2)A 
or 
2 
Ey= 7 ae 


A rough estimate of the potential energy of the electron if expressed in electron volts, in the 
case of germanium with the impurity density of 10'* cm~? gives, therefore, twice the re- 
ciprocal mean ion distance in angstroms or E, ~40/(a;/2) kT at 300°K. For a, =1,000 A 
we get E, ~0.08 kT. This shows that the interaction of an electron with an ion is only y's of 
the thermal energy kT of the electron. 

If we use Conwell-Weisskopf’s formula (2.218) to assess the scattering 
parameter, we get 


<1 — cos 02> = (ee t In [! + (az) | (2.219) 


<1 — cos 0) = 2(4- 107)? In[1 + 257] 
1 
50” 
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for E, = 0.08 kT, and E=kT. This means that the interaction is ¢5 of the 
traveling distance a,, or the mean free path is 
50a, =5-10-*cm 
= 10* lattice constants, 


showing that at 300°K impurity scattering is unimportant. With reference to 
the relation between relaxation time and mean free time, this means that 


t, = 507, 
corresponding to (2.217). If the mobility is dominated by the relaxation time 


e Cen 

Hat == (508), (2.220) 
we see that at low temperature (t, > 7) high mobility values occur, This is 
true, however, only for nondegeneracy or in a range of low-impurity scattering 
(for more detail see Ref. 7, p. 277). Dislocation sites are charged centers either 
because of a doping mismatch, when lattice dilation and compression react 
as sinks for specific ions, or because of the dangling bonds. In either case a 
strong core charge can be accompanied by a space charge. If more extended 
dislocation arrays are generated instead of point defects, dislocation space- 
charge pipes are formed and have as such a strong scattering influence on 
carriers that can be assessed in the same way as done for neutral impurities. In 
this case, one assumes that such a dislocation acts as an inpenetrable cylinder 
rather than a strongly charged hole sink,* and one can define a velocity change 
Av of the carrier on impact. In the xy plane, the velocity change is Av (see 
Figure 2.23)'¢ for an electron coming in at a distance d from the axis of the 
dislocation cylinder with radius R, the scattering angle being 0, = x — 2¢, 


uta, 


Fig. 2.23 Dislocation pipe scattering (see text). 


* See Chapter 9 and 11 for objections to this model. 
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where cos = sin(,/2). The average change in velocity ¢Av) is then 
—v,<1—cos 4), (2.221) 
and the mean free time of dislocation scattering is 


Te 
<1 —cos 0,>° 


The time rate of change of velocity for electrons having incident velocity v is 


(2.222) 


= 


(2.223) 


where t, = mean collision time (mean free time between collisions). Thus 
T, = T(1—cos 0) (2.224) 


is equivalent to (2.217), t, standing for the mean free scattering time and 1, 
for the dislocation scattering (relaxation) time. 

In addition to the role of the dislocations as scattering centers, their stress 
field enhances interaction of charge carriers with photons and phonons. 
Assume that a dilation area at the lower end of an edge dislocation is sub- 
jected to incoming photon energy hv (see Figure 2.24). The energy may be 


Fig. 2.24 Separation of electron-hole 
pair at dangling bond site. 


sufficient to break a strained bond, liberating electron-hole pairs, separating 
at the dangling-bond site, with the electron joining the free bond and thereby 
lowering the energy level of the dangling bond, and the hole moving toward 
the space charge. Because the bonds are weakened at the mismatch area, we 
have different phonon energies around the compression-dilation zone: ha, 
haw, and so on. For the carriers involved, energy balance and wave-vector 
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conservation have to be maintained: 
E(k’) = E(k) + AOraice 
and 
kK’ =k + Kuastice- 


These conditions can be fulfilled for a greater number of photon energies if 
the energy balance is satisfied by the correct vibrational energy hw of the 
lattice. Because here a number of different phonon frequencies is available, 
a higher photon efficiency is obtained in the release of free carriers (see 
Chapter 9). 


PROBLEMS, 


2.1. Draw the known wave velocity versus wave number function (2.10) for varied 
lattice parameters d but constant wavelength A. Show why the velocity max- 
imum coincides more and more with the symmetry points d/A = }, 4, 4,..., 1/n 
as n increases (compare with fringe visibility for a Fresnel slit source). 

2.2. Describe the effect of a change in the ratio of lattice force y and point mass m, 
ym, for a fixed ratio m,/m, on the acoustical and optical phonon frequency 
versus wave vector function. 

2.3. Calculate the angle 4 between the direct lattice vectors for which a line of 
vacancies in the [01] direction (two-dimensional plot) gives Bragg reflections 
(use Figure 2-7). (Hint; 


di\ \da|. 
b;| |b2| sin(@r—8) (= 0), 
(by - di) = |b,| |di| (—cos 6) =1, 


(ba + d2) = [ba] [da] = 1, 
S,+ Sa= —tan 0, 
and 0= 45°.) 


2.4, Discuss the equivalence of momentum and impulse for the free electron and 
the crystal electron: 


m* 5 +hk, 


2.5. Calculate the mean (linear) distance between impurity atoms in germanium 
of Nz, =10'* cm~? doping level (number of germanium atoms per cm? = 
4,52 - 1072). 

2.6. If an impurity electron has a spherical charge cloud of radius 


r, =7-10-* cm, 
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how many elementary germanium cubes are covered ? How many germanium 
atoms? Calculate the same for diamond, silicon, and tin (gray): 


Crystal Lattice constant,A__ Number of atoms per cm? 


Diamond 3.56 17.7 - 1077 
Silicon 5.42 5.0 - 107? 
Germanium 5.62 4.52» 107? 
Tin (gray) 6.46 2.82 - 1077 


2.7. Show how Newton’s Law F = ms is modified as applied to the free-electron 
wave package with wave vector k(t). (Hint; Start with the energy relations in 
k space: E(k) = —eV + (h?/2m)|k|?, and differentiate twice with respect to 
k, Express m. Or start with energy expression E = jynov?, and express v from 
DeBroglie’s relation p = vmo = fk.) 

2.8, What is the density of antimony atoms (atomic weight = 121.76) in a german- 
ium crystal (atomic weight = 72.6) if 100 g of germanium are molten together 
with 3.22-10-° g of antimony (density of Ge = 5.46 g/cm*; 1 g atom = 
72.6 g Ge =6 x 107% atoms)? 

2.9. For a mobility 4. = 3,600 cm?/V sec, what is the conductivity, resistivity, and 
sample resistance if its length / is 2 cm and its cross section g is 0.1 cm?? 

2.10. Give the value of the Hall constant and the mobility for a semiconductor 
crystal sample of thickness d = 0.1 cm, when direct current flowing along the 
sample axis of 100 mA produces a cross (Hall) voltage of AU =0.1 volt in a 
vertical magnetic field H = 3 kG and if the sample resistivity is 10 Qem. 

2.11. What is the thermal velocity of a charge carrier with wave vector 


(a=5-10-* cm) and effective mass m* = 0.170 ~ 10-74 g? 

2.12. Show that (r,t) = Aet*r~(D") as a plane wave is a solution of the time- 
dependent Schrédinger equation (see p. 48). 

2.13. What is the nearest neighbor distance for the impurity atoms of density 
N, = 10'* cm~? in diamond (express in lattice constants). 

2.14. In the case of electron-filled traps (strong n-type doping) and a negligible 
number of trap-induced holes, p: in the valence band, calculate the net re- 
combination rate for a crystal with 10'? cm~* donor doping when the trap 
level E, is 0.5 eV above the valence-band edge in germanium and the hole- 
capture probability per unit time is C, = 10~*. 

2.15. Discuss the variation of the effective mass and its sign reversal along the wave- 
vector axis for a parabolic E(k) relation. 

2.16. Calculate the mean free path in lattice constants of a therinal electron in 
silicon if the mobility is given as 300 cm/sec/V/cm and the doping range is 
10'6 cm-%. Set mtere ~ 0.170. 
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2.17, 


2.18. 


2.19. 


2.20. 
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Indicate the value for the mean free time for electrons in Ge when the mobility 
B=3.6 + 10° cm?/Vs (mere = 0.170.) 

A photon of wavelength A=5-10-* cm is transferred in the lattice into a 
photon of wavelength A = 10-2 cm, with the remainder of the energy appear- 
ing in phonon energy. Express its wavelength. 

Calculate the potential energy in kT or eV of an electron at a distance of half 
the ion spacing from a singly ionized impurity atom for germanium of Ny = 
10** cm~* doping. 

Calculate the Conwell-Weisskopf scattering parameter for the case of Prob. 
2.19 for thermal electrons. 


REFERENCES 


Brillouin, L.: “‘ Wave Propagation in Periodic Structures,” Dover, New York, 
1965, p. 118. 


. Kittel, C.: Phonons in Perfect Lattices and in Lattices with Point Imperfec- 


tions, in “ Phonons,” R. W. H. Stevenson (ed.), Plenum, New York, 1966, 
pp. 1-50. 


. Elliott, R. J.: Vibrations of Defects in Lattices, in ‘‘Phonons,” R. W. H. 


Stevenson (ed.), Plenum, New York, 1966, pp. 377-402. 
Spenke, E.: “Electronic Semiconductors,” translated by D. Jenny et al., 
McGraw-Hill, New York, 1958. 


. Schottky, W.: In “Semiconductor Problems” (Halbleiterprobleme), Vieweg, 


Braunschweig, 1945 (German), vol. I, p. 85ff. 


. Haug, A.: In “Semiconductor Problems” (Halbleiterprobleme), Vieweg, 


Braunschweig, 1954 (German), vol. I, p. 227ff. 


. Shockley, W.: “Electrons and Holes in Semiconductors,” Van Nostrand, 


New York, 1953, p. 143ff. 
Shockley, W.: and W. T. Read, Jr.: Statistics of the Recombination of Holes 
and Electrons, Physical Review, vol. 87, vol. 5, pp. 835-842, Sept. 1, 1952, 


. Brown, N.: Lattice Defects, in “Intermetallic Compounds,” J. H. Westbrook 


(ed.), Wiley, New York, 1967. 


. Bakish, R.: Internal and External Interfaces, in “Intermetallic Compounds,” 


J. H. Westbrook (ed.), Wiley, New York, 1967, pp. 283-300. 
Beam, W. R.: “ Electronics of Solids,”” McGraw-Hill, New York, 1965, p. 193ff. 


. Ziman, J. M.: “Electrons and Phonons,” Clarendon Press, Oxford, 1960. 
. Kroemer, H.: Negative Effective Masses in Semiconductors, “‘ Progress in 


Semiconductors,” vol. 4, A. F, Gibson (ed.), Wiley, New York, 1960, 
pp. 3-34. 

Chynoweth, A. G.: Internal Field Emission, in * ‘Progress in Semiconductors,” 
vol. 4, A. F. Gibson (ed.), Wiley, New York, 1960, pp. 97-123. 


. Conwell, E. M.: High Field Transport in Semiconductors, in ‘Solid State 


Physics,” edited by Seitz-Turnbull-Ehrenreich, Academic, New York, 1967. 


. Read, W. T., Jr.: Theory of Dislocations in Semiconductors, Philosophical 


Magazine, vol. 45, pp. 775-796, August, 1954; vol. 45, pp. 1119-1178, Novem- 
ber, 1954; vol. 46, pp. 111-131, February, 1955. 


Chapter 3 Classification of Defects in Crystals 


This treatise is confined to the structural defects of linear and planar extent 
because of their strong electronic effects in bulk crystals. The point defects are 
mentioned for the sake of completeness and in reference to some later con- 
siderations in other paragraphs. 

Seitz' has formulated a nomenclature for the different kinds of defects. 
He defines essentially six primary defects in crystals: (1) phonons (quanta of 
lattice vibrations), (2) electrons and defect electrons, (3) excitons, (4) lattice 
vacancies and interstitials, (5) foreign atoms in lattice or interstitial positions, 
and (6) dislocations. 

The defects under (1) and (3) are not directly part of the lattice structure, 
because they have parameter-dependent densities (temperature, field, and the 
like). Under (4), the point defects are classified (they are the dominant defects 
under the influence of radiation). Under (5), all chemical defects (impurities) 
are classified. We emphasize the most outstanding and lasting defect, the 
dislocation. We shall see that point defects (vacancies, interstitials) are related 
to the dislocations inasmuch as they may represent elements of these linear 
and planar structures. Detailed descriptions of defects in general, mainly in 
metals, are available.” In this literature the point of view is predominantly 
mechanical. Electrical properties are rarely considered and only in connection 
with such bulk properties as specific resistivity or Hall constant. 

The all-dominating mechanical aspect in the treatment of dislocations is 
due to the old effort to understand properties of metals or alloys with 
respect to work hardening, thermal behavior, deformation, plastic flow, pres- 
sure, recovery, and other mechanical parameters, to name only a few. This 
dominant aspect (sce, for example, Ref. 3) of the mechanical problems is also 
due to the historical development. A defect and specifically the dislocation is 
viewed from a macroscopic point of view as an inhomogeneity of a perfect 
structure. Its foremost influence concerns the oldest use of materials, namely, 


69 


70 Classification of Defects in Crystals 


in mechanical structures, plastic flow and strength of materials taking the 
main part of the considerations.* 

The basic ideas about the geometrical forms of dislocations and defects, 
in general, quantities such as the stress field around dislocations, the free 
energy of dislocations, forces between dislocations, have helped considerably 
in building a firm fundament for the evaluation and the understanding of 
their electronic properties in semiconductors. In a more recent monograph 
on imperfections in crystals, Van Bueren® gives a very exhaustive treatment of 
the problem, His list of defects is more complete than Seitz’: 


1. Zero-dimensional or point imperfections like vacancies, interstitials, 
colorcenters, vacancy pairs, clusters 

2. One-dimensional or line imperfections, dislocations 

3. Two-dimensional or surface imperfections like grain boundaries, twin 
boundaries, phase boundaries, stacking faults, surfaces 

4. Three-dimensional or volume imperfections like voids, inclusions of a 
second phase impurity clusters and other volume defects. 


It is obvious that a subdivision under item | can include, along these lines, 
foreign atoms (impurities), free electrons, holes, and excitons. Pick’s® idea to 
subdivide along the lines of (a) chemical imperfections, (6) structural imper- 
fections, (c) electronic imperfections is somewhat ambiguous in this context, 
since chemical and structural imperfections are accompanied by inherent 
electronic imperfections. The amount and kind of electrical disturbance is 
dependent on the basic lattice. A dangling bond in a homopolar lattice can 
have a donor or acceptor character, depending on the width of the for- 
bidden gap (silicon: donor; germanium: acceptor). In the case of a hetero- 
polar lattice, a dangling bond can be due to either element of the compound 
and have, correspondingly, a different core charge and energy level. 

Van Bueren’s treatise (the part on imperfections in nonmetallic crystals) is 
rather short insofar as electrical effects are concerned. In this respect, a 
treatise on electronic conduction in metals and semiconductors contains more 
than any work on imperfections. 

There are many influences of atomic imperfections on carrier transport. In 
semiconductors this influence is due to lattice vibrations, foreign atoms in the 
form of substitutional and interstitial impurities), and vacancies (acting as 
centers of recombination and scattering). Charged centers are considered in 
the Conwell-Weisskopf scattering formula.’ The scattering of the DeBroglie 
waves in a lattice subjected to thermal agitation (phonon scattering) was the 
starting point for Bloch’s important contributions.® A short treatment of 
these basic facts can be found in Chapter 2 and in almost any textbook on 
electronic semiconductors (see, for example, Ref. 9). The classical treatment of 
carrier transport in the presence of imperfections takes into account neutral 
and charged centers as well as lattice vibrations. Excitons have been taken 
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into account recently,° mostly in connection with the work on phosphors. 
Cyclotron resonance and paramagnetic resonance have become extraordinary 
tools for the definition of defect structures.'!:!2 

The anisotropy of an electron-spin resonance signal in connection with 
polarized optical absorption studies allows for the construction of models of 
defects,'* 

The penetration into and clarification of the lasting defects in the form of 
dislocations prompted a further study of their electrical effects. Read!* 
contributed to a logical nomenclature and a consequent picture of the dis- 
locations, while Amelinckx'S contributed verification of the theoretical 
conclusions by elaborate microscopic and electron-microscopic studies. 
Finally, Read'® established the first electronic theory of dislocations in 
semiconductors, which was a basis for further developments, as described by 
Bardsley in his treatise.'? 

Improvements concerning Read’s model were made by Broudy'® and are 
discussed later. 

The dislocations in all these cases are basically linear arrangements of 
single-edge dislocations, and Read considers the space-charge pipe alonga dis- 
location cylinder. In the latter part of this work we are mainly concerned with 
the two-dimensional (planar) case of an overlap of such dislocation pipes. 

We shortly dealt with the problems of the imperfections | to 5 in Seitz’ list, 
(Chapter 2) but since a line imperfection is built up of individual point defects 
(dangling bonds), Van Bueren’s list is of more concern to us. 

In order to assess the electrical effects of the main lattice defects, we start 
with vacancies and interstitials. 


Vacancies 
A vacancy in the diamond lattice (see Figure 3.1) generally means that four 


Fig.3.1 Diamond lattice (schematic) and broken bonds 
around a vacancy. 
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valence bonds are broken. The free electrons may, however, combine in pairs 
to form low-energy configurations of hybridized bonds. This is somewhat 
different from the case of the dangling bonds of the additional half plane in an 
edge-dislocation arrangement in the diamond lattice (see Figure 3.2), Here 
the misfit between neighboring atoms prevents the sharing of electrons by 
covalent bonding in a tetragonal arrangement about the individual atom. 
Most of the atoms are still shared by hybrid orbital bonding with neighboring 
atoms in a higher-energy situation. Here this high-energy situation represen- 
ting an unneutralized charge can be reduced by two atoms sharing one free 
electron, Because of electrostatic repulsion between bound electrons, the 
minimum-energy situation occurs when only a small fraction (10'' to 10!? 
cm~?) of the bonds is saturated. 

The orbital electrons are neutralized in the body of the main lattice by free 
holes and ionized impurities. We analyze this case more closely in Chapter 4. 
Interstitials in the form of additional atoms of impurity elements may have 
many different positions within the diamond lattice, depending on their 
ionic radii. Their electrical effects depend on their valence. The interstitial 
host atom itself creates a situation of the same kind as the vacancy (see Figure 
3.1). The four valence electrons in the case of germanium, for example, have 
to find suitable shared-bonding arrangements and create an energy level cor- 
responding to the minimum-energy situation possible. In the case of the 
highly perfect monocrystals used presently in semiconductors, these inter- 
Stitials are probably rare. Although vacancies may be created in a kind of 


Fig. 3.2. Edge Dislocation in diamond lattice, 
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Schottky process (atoms migrating to the surface and leaving vacancies 
behind) the Frenkel defect is less likely to occur, since most of the doping 
elements of the third and fifth columns of the periodic chart are going into 
substitutional locations in the host lattice such that the replaced germanium 
atoms find themselves at the free surfaces. 

Clustering of vacancies and impurity atoms is a frequent possibility in 
materials produced under strain because of high doping or temperature con- 
ditions that result in high temperature gradients within the material. 

When crystals are damaged by radiation, formation of vacancies and inter- 
stitials is the result. We discuss this in Chapter 6. It is, however, to be men- 
tioned in this context that in this specific case, Frenkel defects with an almost 
equal distribution of vacancies and interstitials are the probable consequence. 

James and Lark-Horovitz'® treated the interstitial as a donor center that 
might successively lose two or even three electrons before the ionization 
energy exceeds the forbidden gap. In the hydrogenic approximation, this 
energy is 


(3.1) 


where 


E, = ith ionization energy, 

Z, = excess charge of core after removal of the ith electron, 
E,, = ionization energy for hydrogen atom (13.6 eV), 

m* = effective mass of electron in conduction band, 

Mo = rest mass of electron, 

Kege = effective dielectic constant as experienced by ith electron. 


It is not possible to calculate K.,, for the different ionization stages, because 
the higher core charge reduces the orbit of the remaining electrons, so that 
they do not experience the full dielectric constant of the lattice. 

The value i, = 16 is correct for the first ionization. For the next ones we 
can only obtain lower limits for the £;’s, With m* = 0.2m, one obtains 


E, =0.01 eV, 
E, $0.04, 
Ey 0.1 eV. 


On the other hand, a vacancy is considered an acceptor only, and it is con- 
cluded that two, perhaps three, electrons could be placed into its incomplete 
orbitals (see Figure 3.1) before the energy required would exceed the band gap. 
(In the case of copper as an impurity, for example, three successive acceptor 
levels have been observed in Ge and Si.) The schematic representation of 
the James-Lark Horovitz model is then a series of states spread over the 


4 Classification of Defects in Crystals 


forbidden gap (see Figure 3.3). The filled states of the interstitials lose electrons 
to the vacancy states if Frenkel defects are present. Therefore, the upper 
states of the interstitials E,, E, , E; being empty, they can now accept electrons 
from the conduction band, and vacancies can accept holes from the valence 
band, This limited model does not provide information about the actual 
number or the positions of these states. It can help, however to understand 
why, for example, n-type Ge becomes p-type by damage introduction or why 
n- and p-types Si become intrinsic (the position of the Fermi level, ¢*, Fig. 
3.3 being of great importance). 

The role of vacancies and interstitials is manifold in crystal growth, 
annealing, and other treatments. Both can easily change place in the lattice, 
since they form the seat of a relatively weak elastic stress field. The neighboring 
atoms, for example, tend to relax around a vacancy. Accordingly, vacancies 
interact with each other and with other geometrical imperfections, particularly 
dislocations. Vacancies migrate to the dislocation, as do foreign atoms, the 
difference being that vacancies can absorb the free bond and impurities tend 
to be locked at the dilation zone just below a dislocation D, as in Figure 3.4. 
Here the case of the climb of the dislocation line perpendicular to the slip 
plane is shown. 

Vacancies may also cluster and form pairs having distinct properties of 
their own. The mobility 4, of a vacancy at temperature 7 is proportional to 
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k = Boltzmann’s constant, 
A = activation energy. 
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Fig.3.3 Energy levels of defects in the forbidden gap of Germanium. 


Fig.3.4 Vacancy migration 
to a dislocation site. 


If W is the activation energy for vacancy formation, the equilibrium concen- 
tration No for vacancies at the temperature T is proportional to 

Nog = eW tT (3.3) 
since vacancies introduce a configurational entropy in a system. For copper, 
for example, W ~ leV. For vacancy pairs, 

Ax=04eV, 

W~ 1.6eV. 
Closely associated with vacancies are their image defects, the interstitials. 
These are also mobile, have a stress field, cause climb of dislocations, and so 
on. Here, generally, 

A~0.lLeV, 

W~4ev. 


Vacancies and interstitials obviously tend to annihilate each other if suffi- 
ciently close. The vacancy concentration increases exponentially with the 
temperature. Assume that there are N atoms and N’ possible interstitial sites; 
then a number 7 of atoms that left their places can be accommodated in 
N’! 
(N’—n)Inl 
ways in interstitial sites. The vacancies, in turn, can be arranged in 
N! 
(N=n)In! 
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ways. This corresponds to an entropy increase: 


AS, = k|I NN 1 rae A 3.4) 
a [sae ai * arate ee) 
where k = Boltzmann’s constant. 

From here one can show? that the number of vacancies n is a function of 
temperature: 


n=,/NN’ exo(- 37) (3.5) 


where W, = work required to bring an atom reversibly to a distant lattice point. 
This exponential increase in vacancy concentration with T is synonymous 
with an increasing number of vacancy interstitials or a disordering of the 
perfect lattice as vacancies diffuse into the bulk from the free surfaces. With 
further increasing temperature, the melting point is approached by an 
increasing number of vacancies and an increasing number of interstitials, and 
lattice vibrations reach the energy of the breaking point of the interatomic 
order. These general considerations can also be applied to dislocations, but 
for the latter, the activation energy is so high (1 eV per atom plane threaded 
by the dislocation line) that no dislocation could be created as a result of 
thermal-equilibrium requirements. 

Conversely, a dislocation once formed is quite immune to thermal fluctua- 
tions, persisting indefinitely in metastable equilibrium unless annihilated 
by other dislocations, by condensation of point defects, or by exit at a free 
surface. In this respect dislocations are, in certain cases, even more stable than 
foreign atoms in substitutional lattice locations when their ionic radii generate 
stress fields. 

We confine this general introduction about kinds of defects and do not 
introduce, at this point, stacking faults, jogs, partial dislocations, and the 
like, since their electrical effects are of minor importance. They are amply 
described in the general mechanical treatments*~* and others. 


Stoichiometric Defects 


In the case of compound semiconductors like the important Ay,By com- 
pounds, nonstoichiometry accounts for the predominant defects. In many 
ways the amount by which a compound is off stoichiometry is equal to a 
corresponding concentration of impurity atoms. This is seen from the fact 
that the alternate charge scheme in the polar lattice allows for an imbalance 
in positive as well as in negative lattice charges (see Figure 3.5). The fact that 
stoichiometry is disturbed (nonstoichiometry) is sufficient here to generate a 
strong influence on moving charges. Carrier transport in polar crystals, 
therefore, is more complex in many ways than in homopolar lattices. The 
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Fig. 3.5 Some examples of polar lattice defects (a) Substitutional (no excess 
charge) (6) Vacancy defect structure (excess positive) (c) Bound wrong pairs 
(@) Unbound wrong pairs (e) Vacancies with wrong pairs. 


probability that one or the other nonstoichiometries, shown in Figure 3.5, 
occur during crystal growth of a compound semiconductor is very high. 
Even excellent monocrystals, free of dislocations, may have a considerable 
number of these low-energy defects in their stoichiometry. From the fact that 
the periodic lattice-charge structure is disturbed, we infer that there is a 
marked influence on resistivity and mobility even without a mechanical 
lattice defect. More important, all long-range process parameters, such as 
lifetime or the local transfer of a plasma wave, are likely to be seriously 
disrupted even without a detectable defect structure (dislocation etch pattern). 
Periodicity faults, stacking faults, slip boundaries, partials, twins, and the 
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like, play a more prominent role in polar lattices than in homopolar lattices.”° 
This is one of the reasons for the difficulties to base reproducible and reliable 
device functions on III-V compound material parameters. After more than 15 
years since the first announcement of the device potential of compound 
crystals, we are still unable to correlate doping type, concentration perfection, 
and the like, clearly with electronic parameters such as resistivity, mobility, 
lifetime, radiative recombination. This has lead to difficulties with crystal 
growth. Silicon is now known to be a major mobility poison in GaAs because 
of its ambipolar character (Si in Ga or As places).* Its presence in quartz and 
the majority of containers used in crystal processing has complicated zone 
purification and other normal crystal-growth methods. Such problems have 
lead to the erroneous opinion that in GaAs, for example, device-grade 
material does not necessarily have to be free of defects.?* 

With stoichiometric defects, not visible to the eye under the microscope 
after etching, there is indeed room for the conclusion that even “ perfect” 
crystals may have a low mobility or other undesirable parameters and that, 
therefore, “ perfection” in the usual sense is unnecessary. This, however, is a 


Twin axis 


Fig. 3.6 Twin in hypothetical cubic lattice: R = repulsive force, 
A~—attractive force, 9 < 45°. 


*The problem of 
for some time. Op 


jicon as a dopant in GaAs has been studied thoroughly by Spitzer 
| absorption has revealed the spectral location of the main defects: 


Sica 384em="];_ Sian 399. em="] 
(Sigcs) — Sian) [3673 393; 464. cm™*] 
See references 21, 22, 23. 
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false conclusion. No crystalline defects are without importance for device 
parameters, but it may happen that slight stoichiometric defects, as shown in 
Figure 3.5, weigh more heavily in deteriorating certain electronic parameters 
than twin boundaries or other basic defects in which the polar nature of the 
lattice is not disturbed. But if, for example, the twinning angle reaches higher 
values (see Figure 3.6) by which new nearest-neighbor distances are established 
that cause electrostatically repulsive forces and lattice strain, changes of the 
local electronic band structure are effected. 

In other ionic crystals we also have two kinds of vacancies. In cuprous 
oxide, for example, a Cu vacancy leaves a negative charge behind, since Cu* 
is missing. For Cu,O, for example, 


cug+o =—— cui, 


Cud = Cu vacancy, negatively charged = acceptor, 
® = defect electron, 
Cus} = neutral vacancy. 
In a lattice of potassium chloride, for example, we have, similarly, 
aj+o =—— as, 
which is the usual F center in the classical sense. 

Such vacancies can migrate as interstitials especially at higher tempera- 
tures. We see that the influence of defects in ionic crystals is more pronounced 
in that a strong charge imbalance is contributed directly from the lattice to 
the surrounding and the free carriers, 

In homopolar structures broken bonds represent interband level swith 
acceptor or donor character, depending on their location in the forbidden gap, 
while a broken heteropolar bond represents a priori a strong charge imbalance 
within the polar structure itself in addition to the energy level offered to 
moving charges. In the contravalent case, the valence electrons filling up in- 
complete shells of the ionic partner atoms are immediately establishing an 
extended space charge when the partner atom is missing, but in the case of the 
covalent bond or homopolar lattice, where exchange forces are lifted because 
of missing bonds, the energy levels generated are more of the kind of mid- 
band-recombination centers. Edge dislocations, however, represent localized 
centers of high electronic activity because of the dangling bond and its core 
charge or because of the states pulled out of the conduction band.* 

In compound semiconductors another important feature should be noticed 
when two-dimensional defects like grain boundaries (or also external surfaces) 


* As to the preferred interpretation of the origin of the localized levels, see Chap. 8 
Also, V. Heine, Dangling Bonds and Dislocations in Semiconductors, Phys. Rev., 146 (2): 
568-570. 
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A surface B surface 


Fig. 3.7 Origin of different core charges for A and B dislocations 
in a GaAs lattice, 


va A dislocation 


, — > Slip 


© = A atoms 


© = 8B atoms 


Fig. 3.8 60° dislocations in compound lattice of type A and B. 
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are created. Depending on the A or B atom termination at the dislocation 
site, these surfaces have different surface charges (see Figure 3.7). 

This results in different core charges at the dislocation arrays. An atomic 
model for the A and B surfaces of GaAs, therefore, shows that the A surface 
is positively charged, the B surface negatively charged.?5 As Figure 3.8 des- 
cribes, the 60° edge dislocation, leaving a row of dangling bonds of the A 
type, creates a positive core charge, and the intersection with the B-type row 
creates a negative core charge. In a real crystal the hexagonal symmetry, 
therefore, establishes alternating charges along a symmetric grain boundary 
(@ = 90°). Such an extended dipole layer forms an electronic sublattice with 
very special conduction properties in the longitudinal direction because of 
wave-function overlap of the dangling bonds, The resulting degeneracy is an 
important feature to be discussed later in the text. 

The grain boundary as a region of elastic strain also has special mechanical 
features. In general, this area of the crystal shows an increase in hardness. 
The degree of this, however, may depend on the predominance of one of the 
partners in the lattice. In general, however, the stoichiometric (50/50) case of 
exact atomic matching shows the most hardened grain boundary, because the 
correct lattice buildup forms the ideal line of polar interfaces in a maximum 
stability situation (compare Figures 21 and 22 in Ref. 22). 


PROBLEMS 


3-1. Discuss the relations between the different kinds of defects as listed by Seitz and 
Van Bueren, 

3-2. Draw a twin configuration for the hypothetical cubic lattice with gliding twin 
axis, and explain the probable effects on charge carriers. 

3-3, Which would be the lowest-energy configuration of double vacancies in the 
ionic lattice (see Figure 3.5)? 
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Chapter 4 Dislocations as Imperfections of 
Linear and Planar Extent 


As we have mentioned, the dislocation deserves special consideration because 
of its outstanding stability as a defect structure and its marked electrical prop- 
erties and influence on the electronic bulk properties of the host crystal. The 
elemental dislocation that has the most pronounced electrical effect is the 
edge dislocation. As we see from Figure 4.1, for the case of the hypothetical 
cubic lattice, the additional half plane at the dislocation generates two 
distinct features governing its electronic behavior. 


1. A lattice deformation or a stress field resulting in a compression zone C 
just above the dangling bond and a dilatation zone D below the free bond. 

2. The introduction of a free or dangling bond with its direct electrical 
property of forming an energy level in the forbidden gap. 


Fig. 4.1 Compression and 
dilatation regions at edge 
dislocation site. 
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At this point it is useful to develop more detail of the energy situation at 
the site of a dislocation. This is important for the question of artificial growth 
of defined dislocations and in order to understand the electrical properties. A 
most valuable parameter to define the state of slip that generates a dislocation 
or has been generated by a dislocation is the Burgers vector b. It specifies the 
direction and distance by which atoms in one plane have moved with respect 
to atoms in another plane. Or Burgers vector is defined as a closure failure 
arising in a cycle in perfect material surrounding the dislocation. If we assume 
a linear relationship between stress and strain tensor (Hooke’s law), the work 
done on a cut that relieves the strain or is given by the surface forces T, , 7, , T, 
with their relative displacement u, v, w, is 


E= 5 > forces x displacements, 


B=5 {ut Tot T,w) ds, (4.1) 


or E is the strain energy of material enclosed within S. In other words, an 
external force T (components T,, T,, T;) per unit area over the surface S on 
the body causes single-valued elastic displacements u, v, w. Reciprocally the 
surface force J’ can be produced by the dislocations. In the case of plane 
deformation, only the stress components ¢,,, Fyy, Txy have to be considered, 
a,, and ¢,, are the normal stresses along the x and y axes, respectively, and 
¢,,(4,,) is the stress acting in the direction of the y axis on planes perpendi- 
cular to the x axis and vice versa (see Figure 4.2). 


Y 
! 
| 


Fig. 4.2. Burgers cycle and closure failure 6 in 
coordinate system around edge dislocation. 
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The third stress ¢,, can be expressed by the others: Gz, = V(Fxx + Gyy) With 
v = Poisson’s ratio, and o,, (=0,,) and ¢,, (=0,,) are zero. Generally, we use 


polar coordinates r, 0, z (Figure 4.2) defined by 
x=rcos 0, z=rsin0, zmz, (4.2) 


Then the stresses are o,,, 9, normal to radial and circumferential directions, 
and the shear stress 0,9 (=d9,) and again o,, = v(o,, + 0). Using (4.1), the 
shear stress on the slip plane of an edge dislocation (slip vector 1 to slip 
plane) is given by o,,. With the corresponding Burgers’ vector b, the energy 
of the edge dislocation is 


E, =! fo, ds, (4.3) 


where s = surface considered. 

Equation (4.3) is an important expression of the density of strain energy 
and can be modified so that one can calculate the energy per dislocation in 
terms of surface forces in the following way. Assume a cylindrical cut sur- 
rounding a dislocation pipe with radius r, large compared with the pipe 
radius ro(~10~7 cm) so that the remaining stress field is negligible; 
r= 1 cm, for example; (the stress is decreasing as 1/r.) Then one may write 
for the energy of the edge dislocation 


ea 
B= 3 [ode (4.4) 


The radial stress function can be expressed in terms of the shear modulus, 
lattice constant, and Poisson’s ratio, using the classical Volterra derivation as 
stress function (see Chapter 3, Refs. 2 and 4): 


pa ub 
om =), (4.5) 


where = shear modulus (= 10'? dyn/cm? for germanium), 
v = Poisson’s ratio (~0.4 for germanium) 


(see Chapter 7). 


4.1 EDGE DISLOCATIONS 


We define, with Read, three regions around a dislocation of the edge type. 
The region closest to the dislocation site defines the energy E, of atomic 
misfit within a circle r, about the dislocation. Here the distortion is so severe 
that atoms are not properly surrounded by their neighbors and Hooke’s law 
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fails. Ey, is one part of the energy of elastic deformation extending over dis- 
tances comparable with the spacing between dislocations. 

The radius for E,, is chosen to be a fraction of the slip vector 6 (in this simple 
case, equal to the Burgers vector): 


r=K . = KD, (4.6) 
where K = constant < 1, 
D = dislocation spacing = SaaS x ;, (4.7) 


0 = angle of tilt between generating monocrystal sides, here considered 
to be small as the approximation shows (see Figure 4.3). 


Fig. 4.3 Energy distribution around dislocations 
before and after the spacing has changed for the 
amount dD. 


The Burgers vector b is here perpendicular to the slip plane, defining the edge 
dislocation (b || slip plane is the case of the screw dislocation to be discussed 
later). 

Thus, the energy Fy, represents the elastic distortion caused by the dis- 
location included. The radius r has to satisfy the conditions r > b, r< D, so 
that within the region defined by r, the stress is entirely due to the included 
dislocation. 
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Ey, is the remainder of the energy. This contribution is mostly due to a 
superposition of the stress fields of other dislocations (see Figure 4.4). The 
total energy is 


E,=E,+ Ey + Eq: (4.8) 


We need the stress distribution around a dislocation (screw or edge type) in an 
isotropic crystal in order to proceed from here. This can be accomplished by 
the linear elasticity theory as applied to the crystal with exception of the small 
cylinder of radius r = r, along the z axis (see Figures 4.2 and 4.3). Stress and 
strain are thus considered monotonous, analytic functions or continuously 
differentiable (see Chapter 3, Ref 14). In this case, the stress components are 
independent variables and must satisfy the equation of equilibrium in the z 
direction : 


6 é 

an 30 (4.9a) 
é é 

pp Oe = 30 Opes (4.9b) 


Equation (4.95) is the compatibility equation (Timoshenko!). Elimination of 
0», by differentiation of (4.9b) by 5/50 and inserting into (4.9a) yields 


Ca 80,. 
r=-16,,+ 


ae n= (4.10) 


-€.6[a- x ie --&f a-. 

A Le a a By “Bel Ita 
6,¢e@-) An 1+fne, 

E 
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q 
Max ane ——%,, 
(a) () 


Fig. 4.4 Grain-boundary energy versus angle of misfit @ and normalized angle 
of misfit. 
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A similar equation applies to 0,9. 

The stress is a continuous function along radius r across the lattice. The 
distribution of stress on a circle r = constant, therefore, isa Fourier series with 
amplitude functions R(r): 


O,, = Ro(r) + Ry(r) cos 0 + Rp(r) cos 20 +--+ 
+ R,(r) cos nO+-+ S,(r) sin nO. (4.11) 
A similar equation results for o,. Since 
Fra¢paey = Or 


only negative powers of r are allowed. Thus 


A 2 (A, cos nO + B, sin nO 
n= +) ea). (4.12) 
rons ras 
Inserting (4.12) into (4.9) and integrating gives 
eR ‘ 
eas Co in ( B,, cos Abit, A, sin a) (4.13) 
roast ti 


Taking 0 = 0 as the slip plane (screw), the shearing stress on the slip plane in 
the slip direction is 


o=6,0(r, 0). (4.14) 
This gives, from (4.13), 
b? orth 
om oor +O, a On arTD (4.15) 
with 
Co 
==, (4.16) 
B, 
Oy = ~ Farr (4.17) 


In (4.16) the stress component oo times the lattice translation vector b—in 
this simple case, Burgers vector—is a constant Cy. In general, we consider 
only cases with an angular deviation 0 small. This means that we need to 
know the stress only where r/b is large enough to neglect the higher-order 
terms: 


oXa 2. (4.18) 
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Coming back to Figure 4.3, we now derive the change in energy of the dis- 
location due to a step in radial direction and integrate. If 0 decreases by do, 
D increases by dD. With (4.6) and (4.7), this yields 


—=- Sat, (4.19) 


The total change in energy is—see (4.8): 
dE, = dE, + dEy + dE. 


E, is the localized energy of atomic misfit at the core and does not change 
upon a step dr, since it is independent of the other dislocations; hence dE, =0. 

Ey, changes with step dr and equals the energy in the ring bounded by 
r=kD and r+ dr=k(D + dD). Finally, Ey, does not change, since with 
the increase in D, the area for Ey, changes for D? and the energy density 
varies as b*/D?, Therefore 


dE, =dEy 
and with (4.8) or (4.9) 
dE, = ob dr, (4.20) 
or with (4.18) 
1 dr 
dE, = 5% bo? ma (4.21) 
or with (4.19) 
1, 40 
=- 3h o05. (4.22) 


which, if integrated, gives readily 
2 


Bee 2(4—In6) (4.23) 


as the energy of an edge dislocation. 0 can be considered the angle of misfit 
between two grains and defines the density of dislocations. In perfect grain 
boundaries this is the most important parameter. Since the grain-boundary 
energy E per unit area is E, x density of dislocations 


_E, _E,0 
E=F=—, (4.24) 
we get with (4.23) 
E=E,0(A—In0), (4.25) 


with Ey = bo,/2. 
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Equation (4.25) is the well-known Read-Shockley energy expression for a 
grain boundary. There are a few particular features to be remembered when 
one deals with dislocation energies. The equation consists of two parts: 


@) Ey 0A, (4.26) 


which is increasing with 0 and represents a constant energy per dislocation for 
a fixed angle 0. This energy amount includes the unknown energy of atomic 
misfit per unit area: 


(2) —E,01n 0 = E,0 in(5). (4.27) 


This energy is the variable term in the elastic energy. As 0 decreases, this term 
decreases. @ approaches 0 faster than In(1@/) — oo. 

These two balancing functions result in a maximum curve, rising steeply at 
small angles @ and reaching a maximum at 0 = 25° for most materials (see 
Figure 4.4), Part 1 of (4.25) is not dependent on the number of dislocations 
and their mutual stress fields, and part 2 of (4.25) becomes infinite for 0 > 0. 
The elastic energy of one dislocation becomes infinite, as 0 +0, since it is 
given by 


bEy In * (4.28) 
where 0 =b/D=b for one dislocation. (density 1/D = 1). 

As @ increases in a grain boundary, the elastic energy per dislocation 
decreases, because the stress fields of the individual dislocations overlap and 
cancel. This is an important feature that lends stability to such dislocation 
planes and is discussed in more detail later in connection with the growth 
conditions. 

In summary, we have to note the two cases. 

1. Elastic energy of a dislocation: 


E,=—EbIn0 


mit in(5). 


Eco.) Or 
Ex co-0) > 9. 


2. Elastic energy per unit area of a grain boundary: 
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E,=-—E,0in0 


1 
= OE, in(5). 


ELco.0) > 9 


Eienay > ©. 


4.2 LINEAGE AND LOW-ANGLE BOUNDARIES 


The definition of defects of the lineage type coincides in time with the 
development of crystal-growth methods for industrial production of mono- 
crystals. The step-up from a crystal grown by a point seeding of accidental 
nature in a temperature-gradient growth (Bridgman method) to the controlled 
Czochralski growth, using an oriented seed crystal, was decisive. The expres- 
sion lineage had been used in a more undefined way before, as also the 
expressions wins and grain boundaries were used with a very loose definition. 
It must be clarified that second-phase structures and zones of totally different 
orientation are no longer intermingled as in polycrystals of the old days of 
semiconductor research, but that we are able today to grow any material in a 
rather controlled manner and that the kinds of defects can be defined and 
recognized clearly. Therefore, we want to define as lineage the occurrence of 
low-angle grain boundaries with little or no coherency of growth due to very 
small overlap of dilation and compression zones. This missing self-stabilizing 
energy is the cause of the random orientation of such lineage lines in a crystal. 
These lines of defects may follow straight lines for some limited distance, but 
in general, they follow curved pathways, appear in groups, and disappear at 
some spot without recognizable reason, either absorbed by a vacancy cluster 
or other dislocations. The famous etch picture of Vogel, Pfann, Corey, and 
Thomas of Bell Telephone Laboratories in 1953 (see Chapter 3, Ref. 16) ofa 
Jow-angle grain boundary (0 < one minute of an arc) shows clearly the features 
of lineage as no stable straight line, but of a somewhat curved and irregular 
path. This is due to the practically nonexisting stabilizing energy. The disloca- 
tion distance being D = b/2sin6/2 is equal to many lattice constants (see 
Figure 4.5). Expressed in lattice constants, we list for a normal lattice constant 
a= 5A the following distances for the tilt angles: 


e 4 6 a a) 25 30 
12 9.6 5 3.8 2.7 2.5 1.9 in lattice 
D ( constants 
60 «48 2 «19 136 125 95 ind 
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Fig. 4.5 Model of sym- 
metric grain boundary. 


If we pursue this toward smaller angles, the distance D becomes so large that 
it can be measured in microns on a crystal. It is astonishing that in such a case 
any coherency of growth exists, as in the case mentioned above, for example. 
This is mainly because the condition for such a boundary is the slight orienta- 
tion misfit between two crystal halves that in turn maintain the boundary in 
its form as long as it stores the free energy arising from the atomic misfit. 
As a matter of definition it seems appropriate to use the expressions lineage 
and low-angle grain boundary within certain regions for the angle of misfit 
between the two grains. In this book we use the expression /ineage only for 
misfit angles clearly below 1°. Boundaries originating from grains with 
6 > 1° are classified, in general, as low-angle or medium-angle grain boundaries. 
In a finer subdivision we use the range 


1°<0< 25° 
for medium-angle grain boundaries, the range 
0.1°<0<5° 
for low-angle grain boundaries and the range 
0<0<I° 


for lineage. There is a certain overlap in the low-angle range, since there is no 
clear-cut discrimination between both (see Figure 4.6). 
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Fig. 4.6 Grain boundaries of low and 
medium tilt angle. 


The range of large-angle boundaries 
25° < 0< 90° 


is rare and is less important, as we shall see, since this structure is subject to 
microcracking and other basic changes of the crystal, including strong in- 
fluences of impurity segregation and impurity diffusion. 

Low-angle boundaries (0 < a few degrees) have been studied with an eye 
on their grid structures and potential in devices. Shockley and others have 
made proposals in this direction, and R. Mueller?*? has devised elaborate 
seeding and growth methods for their study. It was revealed, however, that 
the increased difficulties of their growth were not justified by their properties. 
In general, a few degrees guarantee electronic overlap, since 20 lattice con- 
stants, for example, can easily be bridged electrically from one dangling bond 
to the next if the impurity density is of the same order or less than the dangling- 
bond density. For example, consider nearly degenerate germanium (impurity 
density N(x) = 10'° cm~* corresponding to 4.6 x 10'? cm? or 2.2 x 10° 
em™'). With 5 x 10~* cm interatomic distance or 0.2 x 10® atoms/cm, this 
means that the impurity atoms are about 10 lattice constants apart. In general, 
the doping range is a factor of 10 to 100 less, which means a factor of 3 to 10 
wider distance between impurity atoms. In this case the dislocations with 20 
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lattice constants distance are close compared with the impurity states with 30 
to 100 and more lattice constants distance. Therefore, electronically these 
low-angle boundaries are still coherent structures. 


4.3. SCREW DISLOCATIONS 


It is known that this kind of dislocation is basic in many processes, espe- 
cially in the growth of crystals in general, As we mentioned, the only difference 
in the generation of these dislocations compared with the edge dislocation is 
the fact that the slip vector or Burgers vector (in the simple cubic case) is 
parallel to the dislocation. This, however, has an important consequence in 
view of their electric properties in the crystal. The fact that the screw step 
leads to a smoothing of the deformation in the lattice along a spiral path is 
fundamental, and no dangling bonds are formed. Energetically, the situation 
looks quite similar to the edge dislocation, since the lattice strain energy is 


1pn 
E,=5] ob dr (4.29) 
ra 
a *1) 
a” (log 4.30 
ae logy) (4.30) 


where u = shear modulus 


(see chapter 7). For the edge dislocation in comparison, one has 


ee 
E.=3] cabdr 

E = (0 “1) (4.31) 
+ 4x(1 — ¥) ne 0 “ 


where v = Poisson’s ratio (0.4 for germanium, e.g.), 


ro = dislocation core radius. 


We see that the edge dislocation has a somewhat higher strain energy. This 
is due to the way in which the displaced atoms have adjusted to the lattice 
deformation. A spiral ramp (Figure 4.7) is a crystallographically natural 
mechanism and is considered a low-energy way to build up new crystal 
material in crystal-growth processes. 

A Burgers cycle around the screw dislocation results in a similar closure 
failure, as in the case of edge dislocations (circles 1 to 11 in Figure 4.8; note 
that the Burgers vector | to 11 lies in the slip plane). The electronic dis- 
turbance in the lattice, however, is very minor for the screw dislocation. In 
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Fig. 4.7 Spiral ramp of a screw dislocation, 


yields only slightly 


fact, any grain boundary formed by screw dislocations 


stronger electronic effects than a twin. 


ig and screw dislocations, which 


There is a strong relation between twinnin, 


we show later. 


The screw dislocation has no additional half plane, and so there is no non- 
conservative motion and the dislocation is free to move on any cylindrical 


Fig. 4.8 Model of a screw dislocation with Burgers cycle. 
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surface having the slip direction for its axis. This is the reason for the import- 
ance of this dislocation for crystal-growth processes. In crystal growth from 
the vapor phase, Frank’s theory predicted that atoms reaching the crystal 
surface near a partially grown spiral ramp of a screw dislocation can join 
three nearest neighbors more easily than only one on a perfect surface. The 
surface mobility of impinging atoms is so high, generally, that they can diffuse 
to such positions before reevaporation occurs. This process is of primary 
importance for the growth of perfect thin films by vapor deposition. 

Assume the step in Figure 4.7 has not grown fully to the outside, since the 
spiral growth is faster in the center (less atoms per circle), there are many 
positions with three next nearest neighbors available. In the case of crystal 
growth from the melt, this mechanism certainly plays a similar role at the 
liquid-solid interface. Its form has not been proved so clearly and is not 
photographically recorded, as in the case of vapor growth. Spiral ramps have 
been found though in germanium crystals and silicon crystals grown from 
the melt, which proves that the high mobility of atoms in the liquid phase at 
the solid seed-crystal interface allows their direction and association into such 
screw ramps. 

We have touched on these problems here only to enhance the understanding 
of the relationship between the screw dislocation and twin on one hand and 
edge dislocations on the other hand. 

It is important to connect with each dislocation the idea of a frozen-in 
energy amount. In crystal growth, parameters such as seed-crystal pulling 
speeds and temperature gradients across the liquid and in the growth direction 
(vertically) define the probability of the occurrence of these defects. The 
highest amount of energy is stored by edge dislocations or grain boundaries, 
as planar defects, and a lesser energy is necessary to form screw defects. Still 
less energy is required to form twins. 

In crystal growth any misfit among the growth rate, the energy of crystal- 
lization, and the cooling mechanism is expressed by a corresponding amount 
of energy stored in the appropriate kind of dislocation. We do not mention in 
this context the many other kinds of dislocations like partials or multiples 
or stacking faults, since their distribution is generally statistical within the 
lattice and their electrical effects can be described as less important than those 
of edge dislocations. 


4.4 TWINNING 


The next-nearest-neighbor violations lead to twin configurations. In face- 
centered cubic lattices any wrong sequence such as 
AAAAVVVY 


is a twin. 
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The energy of a twin is relatively low, since only a slight change in the 
diagonal atomic distances occurs. As an average, a twin boundary has qs to 
too the energy of a grain boundary. Twins may, however, have a more com- 
plicated pattern than the ideal diagonal displacement. Figure 4.9 gives a 
description of this process in a body-centered cubic crystal. In the unit cube 
shown in the upper part of the picture, the twinning plane (211) is indicated. 
It stands perpendicular to the lower part of the picture and intersecting it 
along the dot-dashed horizontal line. The shear force of atoms below is 
indicated by arrows. Movements of an atomic layer which produce a twin 
are similar to those which produce slip. The strain energy stored can be 
judged roughly by the change in interatomic bond distance (distortion). This 
energy is obviously small, and, therefore, small changes in the electronic 
band structure are to be expected. In fact, in cases of undisturbed twins, no 
electrical effects of significance have been observed, not even in lifetime mea- 
surements of minority charge carriers This most structure-sensitive electronic 
magnitude is almost independent of twins in the path of the carriers if no 
doping gradient occurs. 


Fig. 4.9 Movements of atoms in the produc- 
tion of a twin. 


This is because the twin is the natural way to absorb surplus energy during 
growth or in other thermal processes like quenching. The diagonal displace- 
ment along a twin axis generates a zone of higher energy but without broken 
bonds. Therefore, we have to be very specific in our expressions. Grain 
boundaries are strictly connected to the broken-bond picture. In case of 
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screw dislocations, we do not use the expression but speak about screw- 
dislocation planes. The latter, incidentally, show much similarity to a geomet- 
rical twin with respect to the electronic properties. If a pure tilt boundary has a 
twist error, a screw geometry may diminish the number of broken bonds and, 
therefore, diminish the strong electrical effects of the grain boundary on 
carrier transport (see Chapter 10). Twins may have numerous configura- 
tions and may form higher-energy contact zones than the normal diagonal 
displacement in Figure 4.9, 

The twin axis may be gliding, or other defects may occur within the twin to 
make it a higher-energy area or zone within the crystal. It was found that also 
higher-order twinning is common in the diamond lattice if nonequilibrium 
energy situations are generated during crystal growth. 

Kohn has studied the effects of higher-order twins, mainly in silicon, that 
show a strong tendency for twinning in the [111] crystallographic direction. 
Because of the possibilities of higher-order twinning relations and the 
tendency inherent in this crystal material to “ repair” broken bonds by estab- 
lishing either screw or twin relations, silicon is to be considered a less “‘ noble” 
lattice than germanium. In other words, broken bonds are easier to freeze into 
the germanium lattice than into the silicon lattice. 

Multiple twinning, observed in silicon crystals grown by the Czochralski 
method, were the origin of the work done by Kohn*:* who discovered and, 
explained a whole set of first- and second-order twins in silicon. Very unusual, 
regular twin patterns have been observed in silicon crystals pulled from the 
melt. Cyclic twinning can be generated from a set of nonparallel twinning 
operations. For example, an initial twinning generates a twin, I, on [111] of 
the host crystal. A second twinning operation generates a twin, II, on [II1] of 
the same host crystal. The relationship between the host and each of twins I 
and II is that of simple or first-order twinning; that between individuals I and 
II is of higher order. 

Deviation from normal bonding in silicon begin with tertiary coordination. 
Primary and secondary coordinations remain unaffected by the twinning 
operation; therefore, only a slight energy difference exists between normal 
and twinned configurations. This accounts for the high frequency of twinning 
in such material. Kohn proposed and verified the following twin boundaries: 


(015)-[111] 
[112)-£112] 
001]-[221] 
(110)-[114] 
(221]-[221] 
(115]-[111]} second order 
[114)-[114] 


first order 
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Fig. 4,10 (001)-(221) lateral twin boundary after Kohn [4.5]. 


Figure 4.10 shows a [001]-[221] lateral-twin-boundary configuration. Full 
points are in the plane of the drawing; open points are (/2/4)ay from the 
plane of the drawing. The arrows indicate the crystallographic directions of the 
host crystal H and the twinned crystals A. 

Figure 4.11 shows a second-order twin joint. Twin crystals are A and B. 
In essence, such “repaired” lattice structures along twin lines show inter- 
atomic bonding deformations rather than dangling bonds or broken bonds. 
As we have mentioned, this is the lower-energy configuration, and this 
tendency of crystal material makes it difficult to grow grain boundaries with a 
maximum of broken bonds (for electronic purposes). 


Fig. 4.11 (221)-(221) second-order twin joint after Kohn [4.5]. 
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Fig. 4.12 Energy versus tilt angle for 
grain-boundary and measured values 
for silver bicrystals (see text). 


In the Shockley-Read energy curve plotted over the tilt angle 0, energy 
cusps have been observed whenever the boundary approaches atwin configura- 
tion (see Figure 4.12, which shows measured values of E, of Greenough and 
King—Chapter 3, Ref. 14, Figure 13.3—for silver.) E, is surface energy. 
Energy cusps are clearly visible at certain tilt orientations i. Also the grain 
boundary orientation @ should be of influence in this respect. 

Second-order twins accumulate a sensible amount of lattice energy in the 
form of bond deformation (see Figure 4.11), and it was found that such twins 
are measurable electronically as photoelectrically active regions (hole- 
electron separation across Ap/Ax isocycles). 

Also, such lattice deformations can be the cause of inhomogeneities of 
the impurity distribution, the segregation constant for impurities being 
altered by a stress field within the twinned region. This again can cause 
p-n changes in compensated material, which, in turn, have a strong influence 
on carrier flow resembling those of a grain boundary under voltage applied. 
It is generally unlikely that the twin forms an n-p-n (or p-n-p) junction like a 
grain boundary. Under voltage applied, however, one of the junctions is 
biased in the forward direction and disappears electrically, showing a similar 
result as the twin joins with p-n behavior. A clear test, as described later in 
detail, is the photovoltaic test of a crystal boundary with no external voltage 
applied and the sign reversal of the photovoltage at the grain boundary that 
does not occur at a perfect twin boundary. 
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4.5 DISLOCATION PLANES 


To extend the theory of the edge dislocation (see Section 4.1) to include 
the edge-dislocation plane, we start with the energy expression (4.3) for the 
edge dislocation. The shear stress S on the slip plane (slip vector 1 to slip 
plane) can be expressed by the sum of the individual stress components 
¢,,(x, y) in the xy plane: 


n=+0 


S= ¥ a(x, nD), (4.32) 


where n = number of individual dislocations, 
D = dislocation spacing 


(see Figures 4.5 and 4.13). As we have shown in Section 4.1, the energy E, per 


yf PIPE SLIP VECTOR | 


Fig. 4.13 Edge dislocation in hypothetic cubic 
lattice. 


dislocation is b/2 times the shear stress integrated over the slip plane: 
Bp 
ED) = 3 JY oas(x, nD) de, (4.33) 


where 4 = crystal dimension considered, 
A— © for infinitely large crystal. 


The strain energy consists of three parts, assuming the surface of the body to 
be free from external forces: 
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1. The self-energy of the first dislocation. Using (4.32) and (4.33) and 
integrating, the energy of the dislocation can be expressed by 


b ptt 
E,= 3 Jo dr, 
He “) 

E,= my tog(“ dyn. (4.34) 


2. The self-energy of the second dislocation. 
3. The mutual-interaction energy. 


If one uses the classical Volterra derivation for the local shear-stress (see 
Chapter 3, Refs. 4 and 14), 


ub _ x(x? -y?) 


PIR) OY Bee 
The energy per dislocation can be written 
2 oO +0 eT; 
Ret Ra iy (4.36) 
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The sum can be evaluated by Fourier series transformation (see Chapter 3, 
Ref. 4) and the whole expression leads to the well-known formula for the 
energy per unit area of the grain boundary: 


ub A 
E,= into 5) 0(A — log 0) ergs/cm’, (4.37) 
where 
Eo= ub compare (4.23) and (4.25) 
0 Gx(1 = v) ompare (t ’ 


and A = 1 + log (b/2zr9) = constant, 
0 = b/D = lattice translation vector/dislocation spacing~(tilt angle.) 


Expression (4.37) was first derived in a rigorous way by Read and Shockley.° 
Comparisons with experimental data have shown that it is valid to high angles 
of misfit (see, for example, Figure 4.12) even beyond the range of the validity 
of the assumptions (see Chapter 3, Ref. 14). 

The salient features of the theoretical curve are a rapid rise of E, with 0, at 
small values of 0, and a relatively broad, flat maximum (at 25° for most 
crystals of the diamond type structure). 

In general, the experimental values are scattered around the theoretical 
curve, but in certain cases the energy cusps discussed in Section 4.4 are 
clearly measured for certain distinct angles of misfit (see Figure 4.12). 
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It is important to note, however, that Mott’s picture of a grain boundary 
as a “glassy” layer (unordered structure) has become unlikely as progress 
is made in understanding the grain boundary. It is believed now, and there is 
ample evidence for this, especially in the electronic area, that low- and medium- 
angle grain boundaries (1° < @ < 25°) in most cases of bulk crystal growth 
represent ordered structures and can as such be represented by a dislocation 
model. In the area of optical observation either by light, x-ray, or electron 
microscopy, the grain-boundary model based on the tilt or twist process 
gained ground also because of observations by Amelinckx et al. (see Chapter 3, 
Ref. 15). Amelinckx used the general description of a grain boundary expres- 
sed by Frank’s formula: 


Ph 


where xy 5, = sum of Burgers vectors in dislocation lines cut by r, 
r = arbitrary vector lying in contact plane, 
© = rotational vector. (see Chapter 5) 


xr, (4.38) 


The resulting dislocation models for boundaries and intersecting sets of dis- 
locations were essentially found in NaCl crystals. Even in cases of junctions 
of several tilt boundaries, the corresponding dislocations were discovered in 
actual crystals. It must be concluded that the low-angle boundaries and, to a 
certain extent, the medium-angle grain boundaries are ordered structures 
obeying the laws of the mathematical dislocation models described. 

In measurements designed to check the grain-boundary energy expression 
Wagner and Chalmers’ confirmed the Read-Shockley energy formula for 
germanium in the range of tilt angles 10 < @ < 15°. For higher angles of 
misfit the grain-boundary energy begins to be independent of 0. It has to be 
assumed that the model may be applied successfully up to 25°, since the 
energy maximum is flat and since microcracking and dissolution of structure 
occurs apparently only at higher than 25° angles of misfit.°:? 

The grain-boundary behavior with respect to diffusion, which is discussed 
later, lends support to the model described. Much depends, however, on the 
growth conditions and detailed orientation of the grain boundary. Asym- 
metrical boundaries ¢ # 90° (¢ = angle between grain-boundary plane and 
the perpendicular to the symmetry plane of the two grains) and mixed tilt- 
twist boundaries may have a more complex and disturbed structure. 


PROBLEMS 


4-1. The edge dislocation in Figure 4.1 is symmetrical about a plane of atoms on the 
compression side of the slip plane (the slip plane runs horizontally across the 
drawing through the dislocation). If we draw a dislocation having the same 
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direction and slip vector but symmetrical about a plane of atoms on the tension 
(dilation) side (lower part), what changes? 

4-2. What is the equivalent replacement of a row of vacancies in terms of edge dis- 
locations? 

4-3. In considering a Burgers cycle stress integration around a dislocation a in 
Figure 4.2, discuss why the integration (r, @) must avoid cutting through the 
center of the dislocation. 

4-4, Find the influence of the difference in radii for the integration cycle r; and the 

size of the bad region ro on the edge-dislocation energy. 

In surrounding an edge dislocation with a tubular surface separating the good 

from the bad material, show that the net total force exerted by the good 

material on the bad material vanishes. 

4-6. Consider two parallel grain boundaries similar to the one given in Figure 4.5. 
Show that the two boundaries can reduce their energy by combining to form a 
single boundary with 0 = 6, + 02. (Hint: Develop E, + E2, and compare with 
E=E, (8, + 82) [A —In (8; + 62)]. Make 0, = 4, for a fast test.) 

4-7. Discuss the influence of the change in dislocation spacing on the grain-boundary 
energy (see Figure 4.5). Decide, with the aid of the grain-boundary energy E 
per unit area, which grain boundary has the lower energy—the one with many 
dislocations of small Burgers vector or the one with few dislocations with 
larger Burgers vector (@ is the same in both cases). 

4-8. Draw a twinning dislocation or a sidewise step in an otherwise coherent twin 
boundary. Show why such defects have a higher energy than pure twins. 


& 
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Chapter 5 Continuum Theory of Dislocations 


The description of a dislocation in the macroscopic language of the continuum 
theory does not allow for a detailed description on a microscopic scale. Here 
we have the overall crystal state in mind as it is affected by dislocations within 
the material. 

For one dislocation line the Burgers vector b is representative; for several 
dislocation lines, the respective Burgers vectors can be added together to 
describe their influence on the crystal: ,b;=r x @, where r = arbitrary 
vector in the plane of the boundary and @ = rotational vector (see Figure 5.1). 

Proof: Assume an arbitrarily oriented area element dS represented by a 
vector r lying in the contact plane. The total closure failure or the sum of the 
Burgers vectors is then given by the vector product of r and the relative rota- 
tion @ = ud about the axis u(uis parallel to the dislocation lines). The boundary 


CIRCUIT 


Fig. 5.1 Burgers cycle in dislocation 
arrays. S(F) = closure failure. r’ orig- 
inates from r’ by rotation ué. 
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is a tilt or a twist boundary dependent on the fact that u has components only 
within or at right angles to the boundary. In mixed cases, u has components 
in both orthogonal planes.’ ? 

In the case of a symmetric boundary between two crystalline halves, the 
misorientation is 0/2 to either boundary side. The sum of the Burgers vectors 
at either side can be expressed by 


3D b= (ex u)-sing (5.1) 
(see Figure 5.2). If @ is small, this can be written 
Yb =(r x uo (5.2) 
or: : 
y b,=oxr, (5.3) 


which is Frank’s generalized formula for small 0. For the case that the vector 


Fig. 5.2 Boundary plane B between two 

grains I and II. Grains are rotated around 

uby 8, AEDCBis Burgers circle with closure 
failure 2b,. 
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u is taken perpendicular to the Burgers cycle surface, (5.1) can be written 


5D 6; = |r| - [ul sin(ru) - sing (5.4) 
rf 
and for small 6 
2X b:= Illul «0, 


T 


corresponding to (5.1) for utr. 

The Frank formula may also be derived from Nye’s generalized equation for 
the total Burgers vector of all dislocations that pierce through an arbitrarily 
orientated area element: 


z b,=dS x a. (5.5) 


The second-rank tensor « defined in this form conveys an average knowledge 
about the dislocation distribution at r. 

The diagonal components of this tensor of the dislocation density belong to 
dislocations that have a Burgers vector and line direction that are parallel and 
represent screw dislocations, and the off-diagonal components of « correspond 
to edge dislocations. 

The displacements characterized by the Burgers vector are the cause of 
stress fields within the crystal altering the energy state as a whole (frozen-in 
energy in crystal growth). Volume forces can be represented by surface forces 
(tensions). In the case of anisotropic crystals, they are defined by symmetric 
tensors o, such that 

z On df, 


is the ith component of the force to be applied to a surface element df of an 
internal cut within the crystal in order to maintain equilibrium. The relations 
between stress tensors ¢;, and strain tensors ¢,,, are linear as long as the valid- 
ity of Hooke’s law is assumed: 


= Cir, mn Bens (5.6) 


where Ci, mm = tensor of fourth degree (elastic constant tensor). 
Since tensors oy, and €,,, are symmetric, the elastic energy is 


1 
E=5 >» On Six 
and with (5.6) 
i 
Br5 Y Fix Cie, mm Een + 6.7) 
mn 
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The total strain energy of a piece of material is given by the integral of (5.7) 
over the volume V of the material in question: 


E, =} sy Cnty AV. (5.8) 


If the material is assumed to be isotropic, the elastic constant tensor Cj, mn 
reduces to two independent constants, and Hooke’s law (5.6) reduces to 
Fin = 2Emn Dix + 2Hein > (5.9) 
where 4 = Lamé’s constant, 
A= 2pv/[(1 — 2y), 
= elastic constant, 


= Poisson’s constant, 
6, = Kronecker’s delta, that is, 


Suen = Sucieny = 1 


As described earlier, the stress arising from a dislocation within perfect 
material is equivalent to } times forces x displacement. Based on this concept 
(4.1), the energy of typical dislocations, such as the screw dislocation (4.29) 
and the edge dislocation (4.31), were derived. In a more general way, any 
state of internal stress can be derived on the basis of Frank’s formula (5.4) or 
Nye’s formula (5.5). Kréner* uses the form 


b, = J y dS; (5.11) 


where b, = total Burgers vector of all dislocations crossing the arbitrary 
surface S in a material, 

a,; = density of dislocations with Burgers vector in x, direction crossing 

plane perpendicular to x; direction (asymmetric dislocation tensor). 


Based on the analogy between magnetostatics and dislocation theory, inter- 
action energies can be expressed in elegant form. In this way, a generalized 
treatment is possible in which, for example, strain ¢,, is coordinated to the 
magnetic intensity H,, the stress o,, to the magnetic induction B;, Burgers 
vector b; to the current i, and the like. In this way the energy expression 


1 
E = 3 feueuav (5.12) 
is equivalent to 
1 
E = 3) Bm dV. (5.13) 


The mutual interaction energy can thus be derived in magnetostatics as a 
counterpart to the dislocation energy and reinterpreted for the mechanical 
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case. For the straight edge dislocation, the energy expression derived in this 
way is 


(5.14) 


(see equation (17.5) in Ref. 5). 
Since L is the dislocation length and m is the reciprocal of Poisson’s constant 
1/y, this can be written as an energy-per-unit length: 
2 
weft. S 
ro 1l-v 


(5.15) 


This is identical to (4.31) when r, is a large path compared with ro, since 
L> ro. ro is the dislocation core radius + 10A. 

The methods developed in the continuum-theoretical treatment of disloca- 
tions are of great importance for all calculations of mechanical forces arising 
in defect structures. Forces on foreign atoms due to dislocations and other 
problems can be dealt with in a more detailed way, since the mechanism 
of a deduction of general formulas for the stress-strain relations has been 
developed. 

In the case of the electronic behavior of dislocations, which we are dealing 
with here, the problem of the mathematical formulation of the energy due to 
defects is not predominant, however. Such a formulation does not directly 
help understand the phenomenon of the carrier transport in and around 
dislocations. The main reason is that the energy situation at a macroscopic 
scale (Burgers cycle in perfect material, r; > ro!) is not sensitive to detailed 
(microscopic) features, such as local compression and dilation, band changes, 
carrier redistribution, carrier depletion, and all other transport mechanisms. 

One can use the knowledge gained by the continuum theory, however, in 
all cases when configurational problems are of minor importance and where 
the resulting stress field is the main quantity desired. 
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Chapter 6 Radiation Damage and Dislocations 


In general, defects caused by radiation are of the point defect type. 
A nuclear particle incident on a crystal readily loses some of its energy to 
the lattice with its interatomic forces where it is dissipated in vibrational 
modes. If energetic particles are able to knock out atoms from their sites in 
the lattice, this remains a rather localized defect, since disrupted bonds are 
left behind by the free atom that has moved into an interstitial position 
(Frenkel defect) or to the crystal surface or an intercrystalline boundary 
(Schottky defect). Disrupted bonds take up a large amount of the energy 
available. The energy needed to break up lattice bonds is many times larger 
than that needed to displace atoms within the lattice after they are set free 
and have moved into interstitial positions. In ionic crystals, for example, 
typical values of activation energy for motion, E,(eV), and the energy of 
formation of a vacancy pair, E,(eV), are 


Crystal E,,eV E;, eV 
NaCl 0.86 2.02 
LiF 0.65 2.68 
LiBr 0.31 1.80 


AgCl 0.39 1.40 


In the case of materials like Ge, Si, or diamond, these values are much higher. 
Binding energies of E, = 3 to 10 eV are normal. A factor of 2 for the process 
of a lattice disrupture (Frenkel defect formation) must be assumed so that 
values above 20 eV for E, are possible. 

For electrons the necessary minimum amount of energy £,,;, to impart Ey 
is calculated according to 


(6.1) 
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where c = light velocity, 
m = electron mass, 
M = mass of the atom under impact. 


Measurements of the threshold value obtained in resistivity measurements by 
E. Klontz and K. Lark-Horovitz' resulted in a value E,,j, = 0.63 MeV. 
Electrons impart damage for relatively high energies only, since their mass is 
very small. A particle of energy E and mass m colliding with an atom of mass 
M imparts the energy amount 


4M"? 16 


Aba ES Mn > 


(6.2) 


where M* = Ld is “reduced” mass, 
m+M 


6 = angular deviation of injected particle with respect to center of 
gravity. 


M* is very nearly equal to m for M > m. M* being introduced quadratically, 
the small value squared has to be compensated by the energy amount E. 
In the case of heavy particles m > M, the transferred energy amount AE is 


4M. 46 
AE= B sin 3 (6.3a) 
instead of 
4M. 6 
\E = err sin 2 (6.36) 
form <M. 


The maximum energy AE,,,, transferrable to a particle of mass M by an 
incident particle of mass m and energy E is 


M/m 


= 4E———__, 
AE max E Otim +E 


(6.4) 
Similar laws apply to cases in which heavy particles interact with the lattice 
and are slowed down by ionization rather than atomic impact. Also uncharged 
particles such as neutrons cause interactions with the shell electrons of the 
lattice, thereby changing the electronic equilibrium and causing ionization. 
Application of (6.4) to this case, where m = m, is the electron mass and M is 
the mass of incident heavy particle (M > m,), leads to 


m, 


AE nox & 4E TE (6.5) 
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(see Ref. 2). Although the primary effect of radiation is a disturbance of charge 
distribution, the next step is either a direct or indirect point defect or a 
Frenkel pair. Finally, a Brinkman displacement spike marks the path of an 
energetic particle.*** Such a zone that has undergone strong local heating is 
an area of uncontrolled crystalline regrowth and, therefore, is marked by 
dislocations (see Ref. 5, p. 438), which cannot be annealed out so easily as 
point defects, 

In metals the usual parameter considered in electronic measurements is the 
resistivity of a bar of the material. Although correlation between resistivity 
change and kind of defect is a problem, the overlapping bands simplify the 
situation compared to semiconductors. In the latter case, the forbidden gap 
is the medium of many complicated configurations of energy-level schemes 
and carrier-transport problems (see Ref. 1, Figure 3.3). 

This situation has been demonstrated by the first general measurements of 
the change of the conductivity type of semiconductors by a bombardment by, 
for example, 10 MeV deuterons and fast neutrons from a nuclear reactor. 
Table 6.1 shows this tendency of some of the more known elemental and com- 
pound semi-conductors. 


Table 6.1 


Crystal type Final conductivity type 


Ge p-type 

Si Intrinsic 

‘n-type for room 
temperature irradiation 


InSb_ | p-type for radiation 
below 200°K 

GaSb p-type 

AISb n-type 

InAs n-type 

CdTe n-type 


The difficulty in predicting changes due to irradiation in semiconductors 
is caused by several unknowns: 


1. There is no simple model for the energy levels of lattice defects, 

2. The kind of interactions between defects and imperfections (impurity 
atoms and dislocations) already present before irradiation and the radiation- 
induced defects. This may alter the energy-level structure of the defects both 
during and after bombardment. 

3. The relaxation of electronic effects (trapped minority carriers) after low- 
temperature radiation that obscure relaxation processes involving defects. 
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In metals the low-temperature investigation of defect production and anneal- 
ing cannot easily be interpreted, since conforming with 1 and 2 above, a 
detailed knowledge of the original defect and impurity configuration would be 
necessary. Also the defect-impurity interactions are mostly unknown. A point 
defect of the Frenkel type generally displays amphoteric action, depending on 
the position of the Fermi level and its change due to irradiation. The Fermi 
level generally lies between the lowest empty and highest filled state (see 
Figure 3.3 and James Lark-Horovitz’ model) after bombardment. Therefore, 
if (* (Fermi level for the material in which the defect-state levels are prepon- 
derant over the states of impurities originally present) lies in the upper half 
of the gap, the end result is an n-type specimen with a limiting electron con- 


centration: 
(E.-o*) 
n*=N, exe - =a (6.6) 
and for ¢* in the lower half of the gap, a p-type specimen with 
(GF - EY 
P*=N, exe|- e* (6.7) 
results. 


£, and E, are the positions of the conduction and valence band edges. The 
state densities are as usual 


22am, kT)? 
N= Pernt 

2(2um, kT)*! (68) 
N= 


where m,, m, = electron and hole masses, 
h = Planck’s constant. 


In the case of germanium and silicon, initially dislocation-free crystals can be 
made available for radiation experiments, but even their other defects present, 
such as vacancies, impurity clusters, can complicate the final result. 

Generally, the overall resistance of materials to irradiation is of importance 
in order to assess the materials properties under radiation environment. The 
threshold energy E, is defined as the limiting energy to be imparted to a crystal 
atom in order to effect a transfer into an interstitial position. A sudden rise in 
the conductivity versus, for example, the irradiated electron energy in million 
electron volts is identified with this minimum energy amount. This threshold 
energy is different from the displacement energy needed to displace atoms 
further from a dislocated state. 

There is a natural difference in this respect between different crystal types 
because of atomic mass and bonding strength differences, 
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Tabel 6.2 


Energy of electrons, Emax (Ge), Ena: (Si), 


MeV eV eV 
0.01 0.3 0.8 
01 3.2 8.2 
0.3 12 30.7 
0.5 23 59) 
1.0 59 152 
2.0 177 455 
3.0 354 920 


In the case of incident electrons of small mass m, (6.36) shows that the 
transferred energy amount to the lattice atom M decreases with increasing 
mass M. 

Assuming a center-of gravity injection (sin? (5/2) = 1), the maximum im- 
parted energy of incoming electrons can be calculated. There is already a 
marked difference between silicon and germanium due to the difference in 
atomic mass: 


Ms, 25x 10*m = Mg, = 1.3 x 105m, 
where m = electron mass. 


Calculated imparted energy amounts for different electron energies give the 
values for E,,,, shown in Table 6.2. The calculation is based on the impact 
model (see Figure 6.1). If the kinetic energy of the atom after the collision is 


x, 


m 


h 
| mP, 
| 
| 
EP. | 
| May Pa 
| (atom) 


Fig. 6.1 Impact model for fast electrons: £= 
energy; m=clectron mass; P,= electron impulse; 
Ma~= atom mass; P, = atom impulse, 
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E, = P3/2M, (P, = momentum) and mc? = 0.511 MeV = is the rest energy 
of the electron, one gets for the imparted energy 


2m ' 2 2 
Fam eag |(z) +2<]o08? Oe — Bane £057 04, (69) 


with 0, =0 and @, =z, the maximum imparted energy can be calculated’, 
J. H. Cahn® has calculated the number of displacements in silicon and ger- 
manium crystals as a function of electron energy in million electron volts with 
the parameter 


Eg = Eggs COS? Op rran 


in (6.9). For EZ, = 15 and 30 eV he finds higher displacement numbers for 
silicon, which is in agreement with the mass difference (see Figure 6.2). 

For very thin samples, however, this situation reverses. This discrepancy is 
due to the superposition of integral limits in the expression for the number of 
displacements and might not have a real value. 

The considerations thus far have not included the resistance of the lattice 
due to bond strength and especially the case of mixed homopolar and hetero- 
polar cases (III-V compounds). 

R. Biuerlein’ has detailed the differences between materials as far as 
threshold energy and displacement energy are concerned. He summarizes his 
results as given in Table 6.3. 

In germanium the energy threshold is about a factor of 2 higher than for 
silicon. For the semiconducting III-V and II-VI compounds, the threshold 
energies are higher for all compound components (except for S in CdS) than 
for silicon but somewhat less than in germanium. It has to be kept in mind 
that the bonding strength of the partially ionic bond in III-V compounds is 
higher than in the pure homopolar bond.* This makes these compounds 
interesting from the point of view of radiation hardening. Energetically higher 
situations in crystals are of general interest in such cases. When the energy of 
dislocation arrays is high compared with the normal crystal structure, it is 
interesting to consider planar defect structures from a radiation point of view. 
Not much work is available in this area, since measurements of the specific 
properties of dislocations have started recently and not many crystal types 
have been grown into dislocation arrays. 

When electronic measurements are carried through, it has to be considered 
that a barrier layer formed by a dislocation plane extends far into the bulk 
crystal material and, therefore, is subject to changes that take place in the un- 
strained normal crystal. 

Neutron irradiation tests have been carried through with germanium bicry- 
stals.° Although an integrated neutron dose, in nvt, of 10'S and above is fatal 
to all device characteristics measured, there are differences. Bulk materials 
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Eq = threshold energy for displacements (after Cahn) 


oe 


Number N of displacements 


0.01 


0.001 
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Fig. 6.2 Calculated number of displacements in silicon and germanium 
versus electron energy in MeV. 


with doping levels in the | to 10 ohm-cm range for germanium show an in- 
crease in zero bias resistance for the n-p-n structure at an integrated flux rate 
of 10'* and above. The resistance falls off definitely at radiation levels 
>10'* nvt (neutrons/em?). (A change in conduction type from n-type to 
p-type of the bulk germanium causes an increase in base resistance.) 

The conversion of the bulk material from n- to p-type by radiation damage 
changes the I-V characteristics of the n-p-n structure of the grain boundary to 
a straight line. This occurs for all doping ranges (4.7 x 10'? to 2.2 x 10'® 
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Fig. 6.3 /-V characteristics of grain boundary photocells as a function of integ- 
grated neutron flux. 


cm~*) at a mean value of carrier removal rate of 1.3 carriers/em-neutron. 
The carrier removal rate of 1.3 is considerably lower than values found for 
bulk material. 

Figure 6.3 shows the bicrystal I-V characteristics for various irradiation 
levels and Figure 6.4 shows the zero bias resistance with increasing integrated 
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resistance Ry 

VAI curves 

become straight lines 
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Fig. 6.4 Zero bias resistance of grain boundary photocells versus neutron flux, nvt. 
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neutron dose. The peak at 3 x 10'* nvt has been explained by Taulbee and 
Nunn as due to a conversion of the bulk sample from n to p. In comparing 
these changes with the changes in normal diffused or alloyed p-n structures, 
destructive irradiation levels are similar. A germanium diode increases in 
leakage current for a factor of 3 at a dose rate of 10'? to 10'* neutrons/cm?. 
A germanium transistor input resistance (open collector or short-circuit 
collector) shows a similar degradation. 

Even materials like gallium arsenide do not essentially improve classical 
p-n junction device resistance to radiation for normal configurations. There is, 
however, a marked improvement with regard to radiation resistance if the 
material’s properties are combined with the device’s geometry and properties. 
A grain boundary itself is definitely hard material, and a device using the 
degenerate conduction mechanism of the boundary should be relatively hard. 
Such a device is the grain-boundary field effect transistor described in the 
literature.'°* ' (see Chapter 13,Section 3) 

In considering the grain-boundary structure in detail (see Figure 6.5), the 
overlapping dilation and compression regions D, C form a hardened structure 
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Fig. 6.5 Grain boundary structure as hard material. 
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Fig. 6.6 Grain boundary field effect transistor and band scheme 


because of an increase in local energy. Current flow along the inner p*-type 
layer or sheet, where holes have accumulated, is totally degenerate, since the 
valence band overlaps the Fermi level. In the adjacent lattice there exists, there- 
fore, a narrow conduction region of a hard character. 

If the doping of the bulk crystal is low compared with the dangling-bond 
density (approximately 10'* cm~*), the barrier layer adjacent to either side 
of the grain-boundary sheet widens. For highly pure bulk lattices, the current 
is carried by an increasing portion of undisturbed material and, therefore, 
normal irradiation changes occur. If, however, the doping in the bulk lattice 
does approach 10'* cm~*, this conduction sheet is close to the grain-boundary 
layer and shows a relatively high hardness. 

Current flow in field-effect devices is different from that studied by Taulbee 
and Nunn, who measured only the barrier-layer resistances (zero bias and 
saturation) as well as photovoltages and all magnitudes of voltage versus 
current flow across the barrier layer. In a field-effect device, however, the 
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essential aspect is that the source-drain current J,, (see Figure 6.6) flows along 
the sheet of p*-type material, with current flow into the bulk material being 
blocked by the alloy zone recrystallized barrier layers—indium dots in the 
case of n-type germanium, for example. The bulk-crystal contact serves 
as input to the field or gate voltage V, only and is essentially not current- 
conducting. 

In this mode the barrier layer is not directly part of the current-flow struc- 
ture but acts as a flow-control electrode. This function, however, is dependent 
on the barrier layer, which is subject to changes by irradiation. These changes 
are small for small barrier-layer width. Hence, the interest in highly doped 
bulk material, as in the case of tunnel devices. 

In looking into the possible energy levels introduced by radiation defects 
into silicon and gemanium crystals, a multitude of configurations appears 
possible, depending on the association of defects and chemical impurities. 
Measurements of ultraviolet absorption, spin resonance, photoconductivity, 
Hall voltages, and recombination velocity yield levels in all parts of the for- 
bidden gap. 

A scheme of the energy levels found in germanium with different radiation 
types is shown in Figure 6.7. The scheme for silicon in Figure 6.8 is plotted for 
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Fig. 6.7 Defect energy levels in germanium produced by dif- 
ferent particles. 
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Fig. 6.8 Defect level scheme for silicon, 


equal radiation (electrons) but at different temperatures. Some of the pos- 
sible defect associations are indicated. 

An important factor for the evaluation of irradiated monocrystals is the 
change in photoconductivity. It is well known that irradiated crystals show an 
extension of their frequency response as well as additional energy levels. 

In Figure 6.9 we see, for example, the photoresponse of a germanium mono- 
crystal, n-type, before and after irradiation with an integral dose of 2.2 x 
10'S electrons cm~? (1 MeV; temperature is 100°K). 

Such displacement of response curves toward longer optical wavelengths 
(lower eV numbers) is well known, Irradiation-induced defects and mech- 
anically induced defects give similar electronic effects.'? 

Grown-in dislocation arrays also induce photosensitivity extensions in both 
the long- and short-wavelength regions.'* '* Plastically bent monocrystals 
show photoconductance curves of a similar nature with a cutoff at 0.45 eV.!5 

Photoconductivity has become a major tool for the measurement of the 
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Fig. 6.9 Photoconductivity before and after ir- 
radiation. 


energy-level scheme in irradiated semiconductor crystals. A wealth of data 
on material subjected to different radiation types is available. The type of 
energy levels is dependent on many factors: (a) the initial state of doping, 
compensation, dislocation density, and the like; (b) the temperature range 
during irradiation; (c) the annealing and its influence on the final level 
scheme—defect “ripening” stage, donor annealing stage, and the like. 

In general, the result of fast electron and fast neutron irradiation seems to 
be similar. An energy-level scheme measured in the first case is shown in 
Figure 6.10.15 

The Fermi level is at = E, + 0.27 eV in this case. Figure 6.11 gives the 
result for germanium irradiated with fast neutrons (77°K).'° It is obvious that 
a rather complicated and often unpredictable behavior results if interactions 
of impurities and dislocations are taken into account. 

Another method of studying the energy-level scheme is by way of recom- 
bination radiation. Here also the introduction either of dislocations or of 
radiation defects is responsible for a frequency shift, 

The field of radiation effects in semiconductors has found great attention 
in the past because of its obvious importance. 

Displacement effects in particles, because of neutron injection (lasting 
defects) have been studied in connection with military projects on electronic 
materials and devices subjected to nuclear radiation. All fission products 
as neutrons, protons, electrons, and gamma rays, can have lasting effects, 
depending on their energy, the important area being the energy range be- 
tween 0,1 and 10 MeV for neutrons. 

The transient effects are also important for electronic devices. Most of the 
damaging particle injection has its greatest impact at the time of incidence, 
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Fig. 6.10 Photoconductivity spectrum and electron transition dia- 
gram for germanium irradiated by fast electrons, 


since even under room-temperature conditions a gradual annealing of defects 
sets in. This is enhanced by thermal heating, a method proposed and used for 
certain Silicon-devices for equipment subject to radiation. Severe irradiation, 
especially by x-rays, causes a high density of electrically charged particles at 
the surface of the devices which may shunt electronic functions for a short 
time. In this case external shielding is the only protection. Most of the inten- 
sive work on radiation effects has been performed in the area of radiation- 
induced materials and device changes. The forms and influence of point 
defects, especially, have been investigated. Vacancies, interstitials, vacancy- 
interstitial pairs, and impurity-vacancy-configurations have been invoked to 
explain the multiplicity of effects measured. As emphasized in recent gather- 
ings of specialists in this field, the questions of impurity and defect interactions, 
particularly between originally present defects and those introduced by nuclear 
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Fig. 6.11 Photoconductivity-energy level spectrum in germanium irradiated by 
fast neutrons. 


irradiation, have not been answered sufficiently. Recovery and diffusion as 
interrelated processes are not fully understood and the localized State as 
criterion for the presence of defects can be interpreted in many ways, to 
mention only divacancies.'7 

The same state of affairs is true for ion implantation. As is well known, the 
defects imparted by energetic ions in channeling processes have to be removed 
by heat treatment. Or, since the ion-doped front (p-n interface) is being moved 
further into the crystal by diffusion, the damaged area is left behind within 
the doped layer and a clean junction is built-up. Damage associated with ion 
implantation has been clearly demonstrated.'® The amount of work published 
in this area can be judged from recent conference proceedings.!® But much 
more information can be found if the many classified reports on government 
Projects are made accessible. There are numerous reports available on differ- 
ent semiconductor materials and devices with as yet uncorrelated results. 
The space agencies added more contracts in the area of defects due to gamma- 
Tays, neutron, proton, and electron-impact in radiation environment. Espe- 
cially the Van Allen Belts (electron and proton damage) were considered here. 

The tremendous amount of material available in the device area concerning 
radiation damage, has been reviewed to some extent to make studies manage- 
able and results somewhat predictable,?° but clear correlation between cause 
and effect is still missing. There are unrelated groups looking into the engineer- 
ing-type of effects in devices and on the other hand there are physicists 
studying the radiation effects in solids in a more general sense. The material 
available on crystals and devices in radiation environment presents, as we 
have mentioned, an unmanageable amount of information due to the fact 
that in crystals a multiplicity of vacancy-defect-impurity associations are 
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possible for which unifying interpretations are lacking, a state of affairs which 
makes it difficult to correlate often seemingly similar experiments. In the case 
of Silicon, for example, any changes due to heat treatment before and after 
irradiation have to be analyzed with respect to the formation of thermal 
donors and acceptors and vacancy-impurity cluster formation and therefore 
no conclusions can be drawn without a test-sample undergoing the same treat- 
ment as the irradiated sample But for Silicon and Germanium, a number of 
facts have been worked out which form a basis for prediction in relatively 
well defined cases. 

In the context of this treatise, we emphasize the lasting defect with a major 
electronic influence namely the dislocation and have to limit our discussion 
of point defects. Energetic particles and ion beams will generate point defects 
along their pathway through the crystals, but also dislocations at the end of 
their trajectory where their energy is transferred to the crystal in form of a 
melting-spot or-spike.* This is then the area of greatest impact on the electronic 
properties of the material and for an understanding of the electrical behavior 
of such a defect zone we have again to understand the electronic features of 
dislocations. 


PROBLEMS 


6-1. How is the expression for the sum of the Burgers vectors (5-1) altered for the 
nonsymmetric case if the tilt axis u is perpendicular to the dislocation. 

6-2. What is the amount of energy in erg cm™~! for an edge dislocation in germanium 
of length | cm, assuming a core radius of rp = 10-7 cm (5-15). 

6-3. Calculate the energy liberated at the end of the trajectory of energetic nitrogen 
atoms of 2 MeV energy into the silicon lattice (6-4). Is local melting of the crystal 
probable? (Compare G, H. Schwuttke et al. in F. L. Vook (ed.), * Radiation 
Effects in Semiconductors,” Plenum Press, New York, 1968, p. 406ff.) 

6-4, Assuming equal masses for both constituents in GaAs (~70), calculate the 
maximum imparted energy in the GaAs lattice by 2 MeV nitrogen atoms 
respectively the number of displaced atoms (see threshold energies in Table 6-3, 
and compare the result with Figure 6-2). 
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Chapter 7 Main Mechanical Properties 
of Dislocation Planes 


7.1. STRESS FIELD AND STRAIN ENERGY 


The Burgers vector of a dislocation is defined by not only the degree of 
imperfection present but also by the particular lattice type. 

A dislocation can be perfect or imperfect. It is perfect if the Burgers vector 
produces identity translations and imperfect if the Burgers vector describes a 
new configuration. The Burgers vector also gives a measure of the energy of a 
dislocation. In a cubic lattice, for example, a Burgers vector representing the 
[100] lattice translation vector is the lowest energy displacement. Obviously, 
composite vectorial displacements or dissociations are possible: 


a{110] + a[ 100] + af010], 
a{111] > a[100] + a[010] + a[001). 


In these (see Figure 7.1) no lowering of the energy results. There are dissocia- 
tions accompanied by a lowering of the displacement energy: 


a{110] + af 110] af 100] + af[100] 
+ 2a{100]. 


In considering the difference between the edge and the screw dislocation in 
more detail, we see that an edge dislocation is defined by a slip vector s per- 
pendicular to the Burgers vector and in a screw dislocation, Burgers and slip 
vectors are parallel (see Figure 7.2). There is deformation and stress in both 
cases, However, the screw dislocation does not show the compressional and 
dilational lattice arrangement that forms around the extra half plane in 
an edge dislocation. In evaluating the shear stress in both cases, we have to 
define a coordinate system with the center point at the center of a Burgers 
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(a) (b) 
Fig. 7.2 Difference between edge and screw dislocations. 
(a) Burgers vector |. slip vector. 
(b) Burgers vector || slip vector. 
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circle. Figure 7.3 shows the two typical cases: Burgers vector perpendicular 
to the slip vector (edge dislocation) and parallel to the slip vector (screw 
dislocation). Here a sheet (ring) of material is cast out around the dislocation 
so that the displacement vector is a function of the displacements in the 
coordinate system. In elasticity theory the shear stress o,, acts in the y 
direction on planes perpendicular to the x axis and a,, acts in the direction 
of the x axis on planes perpendicular to the y axis. In plane-deformation 
theory o,, = ,,. If Hooke’s law is assumed (small deformations or linear 
relation between stress and strain tensor), the normal stresses along x and y 
are o,, and a,,, and o,, = 0,, =0. ¢,, and o,, can be positive (dilation or 
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Fig. 7.3. Coordinate systems for edge and screw dislocation. 
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tension) or negative (compression). The strain tensor in general form has six 
components: 


Si = S110 xx + S12 Fyy + 913 Fz + 814 Oxy + 815 Oye + S16 Oxy 
So = S21 Oxy + S22 Fyy + $23 Fz + $24 Fxy + $25 Fy: +S2602x, (7.1) 
S; =ete., 


where the s,; terms form the elastance tensor.” 

In the case of plane-deformation theory (see Chapter 4) we stated that only 
the first three members of (7.1) are considered. The stress is one direction— 
¢,,, for example—is then related to the orthogonal stresses (Gy Oxx) by 
Poisson’s ratio v. 

For a cut along the slip plane, 0 = 0, a Burgers cycle determines the total 
strain: 


Amro (sy + S12) = buss, (7.2) 


where the elastance coefficients s,, and s,, represent the relative elongation 
and contraction of the lattice in two perpendicular directions and p is the 
shear modulus. It follows that 

b Si 


o,=5— nh. 
oar” $14 + 812 


(7.3) 


In this case the ratio —5,/s,, represents Poisson’s ratio vy, which is 0.25 for 
most materials and 0.4 for germanium in particular*. Thus, the radial stress 


1s 
= ( B ) =2: (7.4) 


o,= - 
"2ar\t-v) or 


for the edge dislocation. 
Because of the parallelism of Burgers vector and slip vector, the basic 
stress function for the screw dislocation is 


(7.5) 


We see that the basic stress D, for the edge dislocation is 1/(1 — v) times 
larger than for the screw dislocation and depends largely on the material. 
Since in semiconductors v is larger than for metals, there is a greater energy 
difference between edge and screw dislocations in semiconductor crystals. In 
polar coordinates r, 0, z, defined by 


x=rcos 0, y=rsin 0, (7.6) 
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the stresses to be determined for the edge dislocation are 


sin 0 
Orr = Fog = -D.——) 


(7.7) 


cos 0 
9 = Oy = D,——, 


where o,, = Gg = normal stresses along radial and circumferential directions, 
0,9 = To, = Shear stress. 


Using now the expression for the strain energy 
E= sr forces x displacement, (7.8) 


we can derive the strain energy expression for both kinds of dislocations: 


1. Edge dislocation: 
pr 
E.=5 | bdr 


(7.9) 
1p Db 
E.=5 ik = dr 
(cos @ = 1 for a cut along the slip plane) 

=f) 

B= EG Ty (=): (7.10) 
2. Screw dislocation: 
bare (2) 

15] obdr= Fe 8(-)- (7.11) 


Evaluation of these energy expressions has to be carried out with care, since 
E, would lead to extremely high values for r,; > ro. In a realistic case, we may 
take the values 
r, =1em, 
ro =10A = 1077 cm. 
ro defines the inner core of the disturbed region. With x = 10'? dyne cm™? and 
b=5-10-8 cm and v = 0.4 (Ge), the strain energy is 
10/2 . 5? . 10716 
=—s 10” 
= Fad = 0a 108010") 


~5- 107% ergem™!. 
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Considering now the superposition of these dislocations ina grain-boundary 
plane, as we did in Section 4.1, we must now form the sum of the individual 
stress components. In the xy plane this is 


S= = o,,(x, nD), (7.12) 


where n stands for the number of dislocations and D is their spacing. For a 
symmetric grain boundary (¢ = 90°), we have 


b 


~ sin 0/2 


(7.13) 


(see Figure 7.4). 
The grain-boundary energy follows from the integration of (7.11) over the 
crystal volume A under consideration of (7.8): 


E,(D) = s {'sax (7.14) 
Jo 


= s if ¥ o4(x, nD) dx (7.15) 


where 2 = number of dislocations. 


N 


oe: 
P= Fin (O72) 


Fig. 7.4 Distance between dangling bonds in grain 
boundary. 
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Or in the cylindrical case for polar coordinates 
. 
E,(D) = s JL o(r, nb) dr. (7.16) 
108 


£E,(D) times the density of dislocations is the grain-boundary energy per unit 
area: 


E, 0 
E=peky. (7.17) 
Thus 
oer 
E=3 f Y ojo(r, nD) dr. (7.18) 
Using (7.5) for the edge dislocation, we get 
0b 1 "dr 


E=>~—u-— | —. 719) 
22m" A —Wlio r (19) 
Since dr/r = —dO0/0, we have again 
PL ie 
E= a=) O[A — log 0]. (7.20) 
Generally a zero energy amount 
ea te (7.21) 


2 ~ 4n(1—¥) 
is introduced here. 

This form is equivalent to (7.10), since it is expressed as per-unit area. 
Assuming overlap of the compression regions in boundaries with a tilt angle 
@ > 5° (medium-angle tilt boundary), the resulting unit compression or pres- 
sure ratio is 

6P _ vrelative surface energy [E’, in dyn/cm] 
Pb yu [dyn/cm?] 
where b = Burgers vector, 
“= shear modulus, 
v = Poisson’s constant. 


, (7.22) 


Since the relative surface energy corresponds to the grain-boundary energy, 
£,,, calculated from (7.10) divided by the width of the grain boundary, gives 
for a width W of 100A 


"= E,+ 100° 1078 
= 5+ 10° dyn/cm, (7.23) 
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and therefore 


5P __ 5+ 10°Lerg/cm?] - (4  10*)[em™*] 
RY 1.3: 10"[dynjem?] 


=3-1077, 


With the known pressure-band gap coefficient for germanium of AZ, [eV] = 
—5(dP/P), corresponding to a gap widening, we get 


AE, = 0.15 eV, 


a relatively strong change of the forbidden gap. We see that the influence of 
the dislocation on the electronic performance of the crystal is not only due to 
the free bond and other direct electrical changes in the neighborhood of the 
defect but also to such influences as lattice strain and thus local band changes. 
In addition, the changes in lattice spacing Gd, ,,. introduce deformation 
potentials, as discussed in Section 2.6, due to the variation of the crystal 
momentum 
AP = hAk. 


With the momentum expression for the moving electron, in one coordinate 
direction, 


P, =m, +0, (7.24) 
the energy change is 
oP, 
GE, = P, =e (7.25) 
h\? d, dd, 


See Chapter 2 (2.144). 
The full range of the influence of the dislocation on the electronic carrier 
transport is discussed in Chapter 8. 


7.2. GRAIN BOUNDARY ENERGY AND STABILITY 


A linear dislocation, such as a line of edge, or screw dislocations due to tilt 
or twist between adjacent crystal facets shows a coherency even for a very 
minute misfit. It is well known that for pure tilt boundaries the dislocation 
spacing, as discussed earlier (see Figure 7.4), can be measured at the surface of 
suitably etched crystals and corresponds to the values given by 


b 
P= F5in()) 
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down into the range of arc seconds for @. This means that even for such large 
distances Das a few microns, forces of lateral dilational-compressional overlap 
cause the structure to be coherent. It is well known, however, that very low 
misfit angles of twist or tilt do not give a line structure in general but tend to 
deviate in the face of other crystallographic disturbances. It is a fact that 
larger-angle dislocations are more stable and that, at the intersection of two 
dislocation lines, the dislocation with the larger misfit continues its path but 
the lower-angle dislocation is stopped or deviated. Very low-angle distur- 
bances of the lineage type are also unstable with respect to climb and can be 
absorbed in the stress field of a large-angle boundary by this process. Typical 
cases are shown in Figures 7.5 and 7.6 for germanium. In Figure 7.5 a lineage 
boundary (0 ~ 33 arc sec) is absorbed by a medium-angle grain boundary 
artificially grown with a double seed (@ = 20°).5 The latter boundary runs 
across the picture from left to right in a straight line dividing the bicrystal into 
the two halves according to the original two seeds of [100] orientation. Small- 
angle lineage boundaries generally pile up in the immediate neighborhood of 
such a large-angle grain boundary where the stress field is high (see Figure 
7.6). That the growth of rather perfect bicrystals is possible follows from the 
particular force field around a dislocation. 


Fig. 7.5 Low angle grain boundary (lineage) of @ = 33 arc seconds terminating on 
[100] — 0, — [100] grain boundary (horizontal). (0, = 20°) 
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To evaluate the forces between individual dislocations and the interaction 
between fixed dislocations (grain boundaries) and mobile dislocations, one 
needs the interaction energy E; or the work performed in creating the second 
dislocation in the stress field of the first one. E, can be derived by integrating 
over the shear stress times the displacement vector 6 in the slip plane S of the 
second dislocation within the stress field of the first dislocation: 


E,= Jen -dS. (7.27) 


Since the component of the force along the slip plane is of primary interest, we 
have to evaluate 


Ppa —Zt= boy. (7.28) 


The component of the force, perpendicular to the slip plane, is 
F, = b+ Og. (7.29) 


A. H. Cottrell’ and S. Amelinckx and W. Dekeyser* have analyzed these 
forces, starting with the classical expressions for the stress field of a single edge 
dislocation oriented along the z axis. In this case 


— ba, x(x? — y*) 


Fy = bo, = ety 
(7.30) 
Fintona X= dy(3x? + y") 
y : x? + y? % 
In polar coordinates one has 
F,=o,°b- 2 
: (7.31) 
F,=<6,°b nm 


The force field in cartesian coordinates (7.30) can be plotted as a function of 
x/yo, for example, with yo the coordinate for the slip plane of the mobile 
dislocation (see Figure 7.7). From (7.30) it is seen immediately that two 
dislocations of opposite sign attract each other along the slip planes when 
x > yand repel each other when x < y. At x = y there is a stable equilibrium. 
Conversely, two dislocations of the same sign have a mirror attraction- 
repulsion curve (see Figure 7.7a). In three dimensions this gives a cone of 
attraction for two dislocations of the same sign (shown in cross section in 
Figure 7.7). If a wall of dislocations has been built up to a length L, one can 


7.2 Grain Boundary Energy and Stability 139 


Fig. 7.7. (a) Force F, in slip direction exerted by fixed dislocation 

at origin on mobile dislocation in slip plane y= yo: (1) same sign; 

2) opposite sign. (6) Two dislocations of the same sign in parallel glide 

planes. The mobile dislocation in plane y = Yo is attracted by the fixed 
one at the origin. (After Amelinckx and Dekeyser). 
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evaluate the force F, exerted by the array on an edge dislocation in a slip 
plane y = yo, for example, by summing up over all forces (7.28) or (7.30). 
Since the individual shear stress is 


a, x(x? — y?) 
oy = aT (7.32) 
we get 


xb =) 
Yeo Bl OE a 


which can be replaced by an integration over the wall length from —L to +L 
(see Figure 7.8). 


py oxy =5 aj aoe) dn (7.34) 
~ ee 
where D = a2 (dislocation distance), 
o, = basic stress = => > =< 


b = Burgers vector. 


Function (7.35) shows that the numerator defines the sign (denominator 
positive for y > L) and that a hyperbolic separation exists between the attrac- 
tion and repulsion regions with x = + y as asymptotes (denominator). It is, 
clear, therefore, that single dislocations are attracted toward the grain- 
boundary top whenever they fall into the crosshatched region in Figure 7.8 
and are repulsed in the remainder of the room between hyperboloids of 
rotation. The growth of bicrystals of defined orientational misfit would not 
be possible if this ordering force for the growth of dislocation walls were too 
small to withstand the crystallographic ordering forces during buildup of the 
bicrystal at the solid-liquid interface. For the same reasons it is also impossible 
to anneal out dislocation arrays of misfit angles 0 greater than a few minutes 
of arc. If a grain-boundary plane approaches a free surface, an incomplete 
wall of dislocations forms and the lattice dilation can reach enormous values 
giving rise to microcracks. At this point the ordered array structure is broken 
up, and very high diffusion constants and abnormally high impurity penetra- 
tion mark these areas (see Figure 7.9 and Chapter 12 Section 4). 
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x 


Repulsion 


Fig. 7.8 A finite wall of edge dislocations of the same sign. Similar 
dislocations in parallel glide planes intersecting the hyperboloid are 
attracted in the crossed-hatched regions. 


It is important to consider in this context the interaction of a wall of edge 
dislocations and a solute atom. As shown in Ref. 4, the force acting in the x 


direction on the impurity atom in the field of a dislocation (see Figure 7.8) is 
given as 


(7.36) 


with 


4 n?r7ub(1 + v) Ar 
Aas Dea 
(-y) 
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Microcracking 


Surface 


Fig. 7.9 Lattice widening (microcracking) near free surface due to 
grainboundary stress field. 


where D = dislocation spacing (D < x is assumed), 
Ar = difference in radius between impurity and solvent atom, 
r = radius of solvent atom, 
= shear modulus, 
b = Burgers vector, 
v = Poisson’s ratio. 


Equation (7.36) shows that this force falls off exponentially in the x direction 
when x > D. A similar equation applies to the y direction: 


2ny —2nx 
F, = —Fo cos > oP D 
This shows that the magnitude of the force is to a first approximation inde- 
pendent of y (exponential term is predominant). The angle between the wall 
direction and the force direction is 


(7.37) 


Qny 
D 
From this, the direction of motion of atoms near the boundary can be estab- 
lished. These flow lines move in and out of the dilation and compression 
regions, depending on the ratio Ar/r. If Ar/r > 0 (radius of impurity atom 
larger than the one of the solvent atom), there is a net flow toward the 


o=—. (7.38) 
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boundary in the dilation plane but a reverse flow in the compression plane. 
For wider spacing D of thedislocations (misfit angles less than a few minutes 
of arc), the net flow toward the boundary in the dilation planes may be pre- 
dominant. For medium-angle boundaries, however, the overlap of these zones 
is so complete that the flow pattern becomes a wavy line near the boundary, 
as shown in Figure 7.10. This is the case where either x is larger (flow lines 
distant from boundary) or D is small. Since in medium-angle grain boundaries 
D is of the order of a lattice constant of 5- 10~® cm, the case x/D> 1 is 
predominant already at very small distances from the dislocation line or plane 
—say, at distances of the order of 1/100 p. 

It follows that during the growth of bicrystals with double seeds—from a 
doped melt, for example—a dopant enrichment in the boundary does not 
amount to measurable quantities as distinguished from surface diffusion, The 
specific problems with respect to diffusion of impurities and its dependence 
on the angle of misfit, is discussed in Chapter 12. 
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Fig. 7.10 Flow lines of solute atoms toward wall of edge dislocations. Oversized 
atoms with diffusion toward dislocation (1) in dilatation region. 
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Details of the stress field around groups of dislocations (pile-ups of edge 


and screw dislocations) have been calculated by T. E. Mitchell® and show 
that these stress field patterns, although different in form, are basically of 
similar extent within the crystal. 


PROBLEMS 


7-1. Determine the composite vectorial displacements in the cubic lattice case that 


are equivalent to 
2a{l11)? 


a(010) + a[100}? 
a[001] + a[100] -+- afT10]? 


7-2. Discuss the main difference between an edge and a screw dislocation in terms of 


lattice strain. Show the consequence of the difference in slip vector with respect 
to the Burgers vector (see Figure 7.2). 


7-3. Evaluate the difference in strain energy between the edge dislocation and the 


screw dislocation of a Burgers vector b of 4.10-* cm, elasticity modulus 
#=5 x 10-'? dyne/cm?, and Poisson's constant v = 0.35. 


7-4. Explain the influence of microcracking at the surface interface of a dislocation 


plane with respect to the stress field of the grain boundary. 


5. Analyze the form of the resultant shear stress of a dislocation wall (7.35) for the 


7 


cases (a) L€X;L<¥;Y<X, (6)X=Y>L, ()X>Y>L. 


7-6. Discuss the impurity atmosphere around a dislocation wall for small and large 


dislocation spacing D. How does the dependence of y (the plane direction) vary 
with X/D see (7.36) and (7.37)? 
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Chapter 8 Basic Electrical Properties of 
Dislocations in Semiconductors 


In treatments of the effect of lattice imperfections on the flow of electrons or 
heat (phonons), scattering deserves foremost attention. In the purely mecha- 
nical theory of Rayleigh scattering, one can describe a number of effects 
simply on account of the scattering of the phonon wave of wave vector k, for 
example, at a sphere of radius r. Within this sphere the relative change in 
density is assumed to be 5D/D, and the relative change of the modulus of 
rigidity 5G/G. The scattering cross section for a wave with wave vector k is 


then 
Ok) = G r) “conte{ 2)’ + ; (3) (8.1) 


(see Ref. 1). Neutral scattering can be evaluated in more detail by taking into 
account the three possible modes of the polarization of phonons. Difficulties 
arise, because, for local changes, especially in three dimensions, the modulus 
of rigidity and its anisotropy have to be known. Obviously, more important 
are the electronic effects of imperfections. As we saw in Section 2.6, the 
deformation-potential description can account for the change in the elecronic 
energy due to a lattice distortion dd,. The resulting change in energy in one 


dimension is 
2 
5E, = (3) ods 
Mer 


(8.2) 
= E,,—* 


where £;,-constant for small changes—see (2.144). 
145 
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In Chapter 7 we assessed the energy of the edge dislocation in terms of 
lattice strain and consequent band change. Values of ;4; eV are typical for the 
edge dislocation line. The value for the screw dislocation line is lower, 
(1 — v) times, or about 60 percent of the value for the edge dislocation line. 
Polar scattering, as treated by Brooks-Herring and Conwell-Weisskopf (see 
Section 2.10), is a classical case of moving-charge deflection at charged 
centers. The restricting assumptions (only charge carriers are considered that 
pass the scattering center at a distance smaller than half of the average 
impurity spacing) are not strongly influencing the scattering cross section or 
the calculated mobility. This method is applied to randomized charged centers 
and not to a dislocation line or plane. 

The effect of point imperfections, such as impurities, vacancies, and inter- 
stitials, on the electronic properties are mainly based on the resultant charge 
effects or the redistribution of the conduction electrons and not on lattice 
strain effects. This is well known from the study of imperfections in metals 
(see Ref. 2 and literature cited). The application of the Bloch wave function 
scattering process to screw and edge dislocations with a subsequent expression 
of the electron charge density variation (oscillation) shows that the charge 
redistribution accounts for 80 percent of the electric field gradient around dis- 
locations in metals like copper?. In such treatments the dislocation is con- 
sidered neutral but introducing a perturbing potential due to a displacement 
in the positive-ion background lattice. This causes a redistribution of the free- 
electron population, and the resulting potential can be considered self- 
consistent (Hartree). A first-order perturbation theory is carried out that 
precludes the formation of bound states on the dislocations. The self-consis- 
tent field potential is then given by an expression 


V(r) = Volt) + Velr) + YU, Ct), (8.3) 


where V(r) = unperturbed periodic lattice potential, 
V(r) = free-electron contribution, 
U,(r) = perturbing potential 


(see Ref. 3). Because of the periodic form of the stress field around an edge 
dislocation 


a aa OS 84) 


or6) cos 6) 
where /() = | for the symmetric case ¢ = 90°, D, = (b/2z) « [u/(1 — v)]; for 
the screw dislocation D, is replaced by D, = (6/27) - u (Section 7.1), 


the perturbation potential and thus the electric field gradient plotted versus 
the distance r in angstroms is oscillatory in character (see Ref. 2, Figure 2). 
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The model used for the Bloch wave scattering at a screw dislocation for 
example, is shown in Figure 8.1. The screw dislocation is considered a line 
defect, and the component of the incident wave vector parallel to the Burgers 
vector b is conserved in magnitude and direction. The asymptotic form of a 
wave function representing scattering from such a defect can be shown to be 


k,k, 
ult) = ole) +O a.) (5) 
where 
kil = Ik, (8.6) 


and /(k;, k,) = scattering amplitude, 
k; = incident wave vector, 
k, = scattered wave vector. 


he 
1 


Fig. 8.1 Incident and scattered wave vectors k, and k, at screw 
dislocation (line defect). (k,), is =to k;|| Berger vector b is con- 
served in magnitude and direction. 
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The result of the perturbation calculation in plane wave scattering is a 
charge accumulation a few angstroms from the dislocation obviously due to 
the very localized character of the line imperfection considered. In a number 
of publications’, the influence of dislocations on the electronic wave functions 
has been considered in this way, but, as Ziman notes, the correct way seems 
to set up the problem in terms of the local strains produced by the dislocations. 
Since there is, in principle, no difference between a strain field of a phonon 
and the static dislocation field, the method of the deformation potentials seems 
appropriate. Scattering cross-section values calculated, however, have been 
much too small to account for the experimental findings of the electric field 
gradients produced even in metals. The perturbation methods are certainly 
insufficient because of the assumptions of slowly varying strains and the 
exclusion of those electrons passing close to the core of the dislocation. An 
important part of the missing detail, however, lies in the assumption of the 
shielding of the dislocation charge by the conduction electrons even in metals. 

In insulators and semiconductors the localized charge is obviously not 
shielded, and a redistribution of charges in the form of space-charge domains 
results, with great influence on charge carrier transport. 


8.1 ELECTRONIC PROPERTIES OF TWIN BOUNDARIES 


As described in Section 4.4, an ideal twin configuration does not produce 
free bonds but only diagonal atomic displacements with relatively little 
strain. A pure twin boundary, therefore, has only some scattering power and 
does not greatly influence carrier flow. The main effect of perfect twin bound- 
aries in semiconductors is secondary, by way of the stress field and the 
impurity distribution. Because of the local lattice-orientation variation, segre- 
gation constants during the growth process of the crystal are altered. The 
different lattice orientations at the solid-liquid interface produce slightly 
varied impurity distribution and, therefore, a change in dopant and impurity 
concentrations at the twin interface. These effects are generally of minor im- 
portance if pure twin relations prevail. If a crystal contains many twins, how- 
ever, it must be assumed that stacking faults are present, ending in partial 
dislocations (Burgers vector smaller than a full lattice spacing). Also, gliding 
twin axes in many cases can form dangling bonds or free lattice valences that 
attract conduction electrons and form space-charge domains. Therefore the 
effect of such disturbances is much too large to be treated by perturbation 
methods. The electronic-transport properties in the case of such macroscopic 
disturbances are then based on diffusion and space-charge equations taking 
these large-area disturbances into account (see Chapter 9 and 11). As dis- 
tinguished from the extension of a few lattice constants of point defects or 
defect clusters or in the case of the inner core of grain boundaries (width of 
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disturbed layer around 20 lattice constants or 100 A), the extension of space- 
charge domains embraces thousands of lattice sites. 

A large class of important twin boundaries is the /ateral or noncoherent 
twin, in which the twin plane and the boundary plane are not identical. 
Figure 8.2 shows a typical case of noncoherent twins. The plane of the 
figure [101] is normal to the dislocation. The twinning dislocations are 
sidewise steps in the otherwise coherent twin interface. This kind of non- 
coherent twin generally appears in groups, as shown in the figure, and 
the cyclic change in lattice strain can be observed optically in birefringence 
experiments. If the crystal—silicon, for example—with such cyclic twin 
layers is brought between two polarizer crystals in the infrared spectral region 
in which the crystal displays transparency (near 1 wavelength) and an infrared 
convertor tube is used at the end to photograph the influence of the crystal on 
the polarization plane of the incident beam, one finds bright lines alternating 
with dark bands in the crystal that, on external Pressure, change from bright 
to dark, and so on (see Figure 8.3). 

The very complicated higher-order twinning configurations, especially in 
silicon, have been discussed by J. A. Kohn*® (see also Section 4.4). He 
showed that lateral twin boundaries have a tendency to orient themselves 
along rows of lattice sites in the coincidence-site superlattice for first-order 
twinning. There are changes in nearest-neighbor situations at points a’ in 


Fig. 8.2 Noncoherent twins (gliding twin axis) in FC-cubie Plane 
Of figure [T01]. Twin boundary + twin plane. Open circles are atoms in 
plane of drawing. 
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Fig. 8.3 Silicon wafer with cyclic twins in the beam of polarized I.R. 


Figure 4.10, and at points 6 two bonds have combined into one. In the 
[221}-[221] second-order twin join (see Figure 4.11), bonds at position d 
have been rotated, and so on. All these changes produce strain, and it is 
generally the twin that takes care of the surplus energy on freezing if no stronger 
discontinuities (boundaries) are generated. 

Lateral twin boundaries, therefore, are areas by which structure-sensitive 
parameters like mobility and lifetime are affected. Large-size space charges 
due to junctions are less affected by twins and it is well known that monocry- 
stals with a considerable number of twin boundaries can still be considered 
electrically “good” material. This means that a certain reproducibility, for 
example, in the performance of diode arrays can be maintained. In chemical 
vapor deposition of silicon on sapphire, for example, (see Figure 8.4), multiple 
twins occur but generally allow for a reproducible production of diodes. Also 
metal oxide semiconductor field-effect structures can be made from such 
material with moderate yield. A reliable and reproducible device production 
with a guarantee of favorable yield, however, should not use such material 
from the outset. The reason for this lies in the effects of defects on device 
structures (junctions) under bias condition and the possible local heating 
associated with the stress field in the crystal causing irreversible changes. 
In general, it is not easy to correctly separate real twin boundaries and grain 
boundaries. Often a grain boundary starts to grow, and the end result may 
be an ideal twin. Here the local resistivity and the photovoltage across the 
structure reveal a cusp or a slight maximum at the twin due to an impurity 
gradient (see Figure 8.5). This situation is most common in silicon for the 
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[111]-growth direction. As shown in Figure 4.12, certain misfit angles between 
the individual crystallites lead to low-energy cusps. This tendency rules out a 
clear separation between grain boundaries and twin boundaries in many 
cases. No grain-boundary energy, small photoelectrical response, and no 
appreciable space charge are mostly the signs of twin configurations rather 
than a proof that segregation of impurities (oxygen) is responsible for 
certain electronic effects of grain boundaries.® If free bonds are formed, their 
electronic effects are so multifold that, with or without foreign impurities in 
the lattice, strong effects are seen. These are discussed in Chapter 9 through 
11. 

As we saw in Figure 8.2, a step in an otherwise coherent twin boundary is 
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Fig. 8.5 Photovoltage and resistivity change across 
ideal twin boundary. 


similar to a partial dislocation (Shockley partial). A stacking fault that ends 
inside of the crystal on a partial can be viewed as a one-layer twin. Consider- 
ing the face-centered cubic lattice (FCC), a perfect structure is defined by an 


atomic-layer sequence 
ACBACBACB::- 


A partial, as shown in Figure 8.6a, results in a center-sequence shift 
ACB | CBACB::- 


Elimination of ribbon A results in an imperfection, with a Burgers vector less 
than a (lattice constant), or a partial, as shown in Figure 8.6), results in a 


lateral sequence 
ACBA | BACB::- 
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and a cyclic reversal of the stacking order is a pure twin 
ABCABC | BACBAC 


Considering the Bloch wave in the neighborhood of a fault, one may proceed 
as in the application of the orthogonalized-plane-wave method (OPW) or 
augmented-plane-wave. method (APW), in which linear combinations of 
Bloch sums approximate the effect of the ion cores and are superimposed 
on the plane wave with exp (ik « r): 

heme expcik){1 “yp Aer}, (8.7) 


9%0 


Assuming that the stacking fault does not begin nor end in the atomic centers, 
but in the interstitial region, the fault can be considered the transition region 
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Fig. 8.6 Partial dislocations: 
(a) ACB | CBACB::- 
(6) ACBA | BACB::- 
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where incoming and reflected Bloch waves meet. On the other side of the fault 
one has 


Wi = exp[ik(R + r)]\1 + Facer (8.8) 


‘The reflection coefficient is a sum of terms like 
IA,) sin* (ig R) 


(see Ref. 1). Although these effects are relatively small (reflection coefficients 
of a few percent), the major effects in semiconductors are generated by way of 
the lattice strain and the change in band gap directly affecting the mobility. 
When twins, and especially multiple twins, are found in material like thin 
films of silicon on sapphire (see Figure 8.4) or on other substrates, it is clear 
that the difference in expansion coefficient has caused lattice slip during 
cooling. In this way the material relieves the stress, but the originating twins 
are often of the high-energy type with partials and second-order lateral joins 
and thus represent localized strained regions causing strong scattering and, in 
the case of disrupted bonds, space charge. Figure 8.4 shows a typical electron 
transmission microscopy picture of a silicon-on-sapphire crystal.” 

In summary, we may say that it is established that ideal twins do not cause 
measurable changes in the case of simple crystal domains (diode junctions) 
in devices or in unipolar structures, but their appearance can easily be coupled 
with major defects and disrupted bonds. In this case, strong effects may be 
expected, as shown in Sections 8.3 to 8.6. 


8.2 SCREW DISLOCATIONS 


As we saw in Section 4.3, the screw dislocation is similar to a twin inasmuch 
as no disrupted bonds are formed, The spiral ramp generated during out- 
growth of a screw dislocation is, in effect, considered the lowest-energy- 
growth step. F. C. Frank points out that in this case there is no need for a 
fresh two-dimensional nucleation, since the “spiral staircase” offers mole- 
cular terraces on which low-energy growth can continue (see Figure 4.7 and 
4.8). Growth spirals are usually observed in most crystal-growth processes. 
In a screw dislocation the strain is mostly pure shear; hence the atoms may 
be represented by undisturbed cubes slipped over one another. The total 
strain, however, is greater than in the case of a twinlike lateral displacement. 
Two twisted seed crystals with a lattice translation vector as a slip vector form 
a screw boundary (see Figure 8.7). Since the energy of the screw dislocation is 
only (1 — v) times smaller than that of the edge dislocation (v is Poisson’s 


T = twist axis 


RNC AGN 


WA AAA 


(dislocation) 


Fig. 8.7 Two twisted crystals with slip vector— lattice translation vector. 


ratio), the lattice disturbance due to strain and resultant band change is 
similar. An ideal screw dislocation, however, does not show, the special aspect 
of the disrupted bond with its acceptor (donor) level and the consequent 
buildup of a space charge. 

Figure 8.84 shows the model of the ideal screw dislocation and its electronic 
band picture. Figure 8.85 shows for comparison the disturbed screw or bent 
dislocation, which does not lie in a single plane parallel to the slip vector. In 
this case the boundary of the slipped area is an edge dislocation. 

Here the band structure has to accommodate the interband levels and the 
strong space charge around the slipped area, as in the case of ed ige-dislocation 
arrays. Experiments with bicrystals grown by the double-seed method show 
that screw dislocations generated by twisted seeds generally show an electric 
behavior similar to edge dislocation boundaries. This is because, in most 
cases, slippage is not confined to a single atomic plane. Since slip occurs 
preferentially on densely packed crystallographic planes, the growth of a screw 
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® = barrier height 
Ey = Fermi level 


Fig. 8.8 (a) Model of ideal screw dislocation and band scheme. (6) Disturbed screw 
dislocation (not in single plane || slip vector). 


dislocation from twisted seeds, for example, is subjected to forces that tend to 
divert the slip plane into lower-energy positions, thereby creating edge dis- 
locations. As a consequence it is rarely possible to study screw dislocations in 
their pure form as is possible with twins. From the point of view of their 
electronic behavior, therefore, we have to view the model of a screw disloca- 
tion as shown in Figure 8.85. 

The general electronic features derived for the edge dislocation are there- 
fore applicable to the screw dislocation whenever a pronounced space charge 
is measured by photoelectric injection, point probing, electron injection, or 
other means. In the absence of space-charge effects in the form of n-p-n or p-n-p 
layers, the situation resembles that of the twin boundary (see Section 8.1). 
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8.3. EDGE DISLOCATION 


As we saw in Sections 4.1 and 4.5, there is considerable lattice disturbance 
due to edge dislocations: 

1, The local stress field around such a dislocation 

2. The disrupted or dangling bond with its specific charge and energy level 

3. The space-charge domain that forms immediately in semiconductors and 
surrounds the dislocation lieu in the form of a space-charge pipe 

In an elastically isotropic crystal the edge dislocation introduces a strong 
discontinuity into the local stress pattern, changing from pure compression to 
pure dilation along the additional half plane (see Figure 8.9). This has the 
effect of changing the forbidden gap of the semiconductor because of the 


Fig. 8.9 Local stress-vector field around edge dislocation as seen e.g. by an 
impurity atom. 

C=Compression 

D = Dilation 
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Fig. 8.10 Electronic energy level of edge dislocation and band scheme. 


resulting local compression increment in the deformation potential relation 
(band widening for germanium), as we have seen. Another influence is due to 
the free or dangling bond and the resulting energy level within the forbidden 
gap, mostly an acceptor (see Figures 8.10 and 8.11). As a result, the electronic 
band structure at the site of a dislocation of the edge type is rather com- 
plicated. If the distance between the individual sites is larger than the lattice 
constant, alternating bandgap widening and narrowing occur. This can be 
viewed as in Figure 8.12, where the original gap E would change for the 


Fig. 8.11 Dislocation barrier layer and resulting space charge. 
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amount AE because of isolated compression alone. Closely superimposed 
dilation would reduce this amount to AE; at the dilation site or to approxima- 
tely AE{/2 for the overall structure. Since AE; ~ AE/2, the resulting effective 
bandgap is 


2 AE; 
By = E == 
or 
AE 
Eq = E+ AE, ~ E+ 


(see Figure 8.12). This overall increase in gap at the lieu of closely spaced 
edge dislocations has been shown to exist in grain boundaries because of the 
behavior in electronic injection experiments and optical response measure- 
ments, as will be discussed later. 

The influence of the resulting pressure field on the band structure of the 
material is rather complex if one considers the complete band structure 
in the Brillouin zone along 


C111] + k = 0+ k[100). 


The changes due to pressure are felt mostly in the optical application of semi- 
conductors, since in the case of a grain boundary, for example, the material 
under stress is prevalent in a thin layer only (a few 100 A) and forms the core 


F electron energy, 


Fig. 8.12 Model of grain-boundary band with compres- 
sional and dilational influence on gap. 
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of a p-type zone, although the adjacent material is n-type. In this way the 
space charge layer, which is optically activated, covers both band structure 
zones and makes new transitions possible. We discuss this under ‘ Photo- 
electric Properties” in Chapter 11.7. 

When we consider the edge dislocation in more detail, we conclude that the 
dangling electron, as part of the four valence electrons—in germanium, for 
example—is unlikely to jump into the conduction band and thus form a 
donor. If the energy level of the single dangling electron above the valence 
band is £, (see Figure 8.13), the energy required for transfer into the conduc- 
tion band is E, — E,. In most cases, however, the dangling electron attracts a 
free electron and lowers its energy to a value £, from the valence band and is 
located below the Fermi level F;. Its energy can be lowered again by addition 
of yet another free electron, but in this case it would represent rather a cis 
donor (see Section 2.4; Figure 2.13 and 3.8; as well as Chapter 2, Ref. 5, and 
in the present chapter, Ref. 9). 

This result is likely in materials with a higher bandgap and has been found 
insilicon. From here on, the term empty site is applicable only to the dislocation 
site with a single dangling electron (active acceptor), and a full site means that 
this free electron has accepted another electron in order to lower its energy. 

Dislocations must be viewed as linearly repetitive steps as distinguished 
from point defects. The density of such line defects is expressed as a flux 
density or the number cutting a unit crystal area normal to their direction. If 
c is the spacing between dangling bonds, the volume site density is N, = N/c. 
Not all available sites are filled with conduction electrons yielding the 
energy level E,. (see Figure 8.13). A filling factor 


Fig. 8.13 Empty and filled dangling bond level. 
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can be defined in which a is the spacing between filled sites or occupied sites 
and I/a is the density of added electrons, 
For the fraction of sites that are full, a Fermi distribution function can be 


given!®: 
E,- =) ct 
kT cs 


The spacing c can vary with the direction of slip. The angle « between the 
dislocation and its Burgers vector defines c, since 


fal + exp( (8.9) 


For « = 0° there are no dangling bonds, c = oo (screw dislocation), and for 
a = 90° the spacing is minimal. For the 60° dislocation (see, Figure 3.2) 
c=d(d=lattice spacing; from here on d=b= Burgers’ vector), and, 
therefore, 

ce sing = b sin 60°. (8.10) 


For the 90° dislocation (pure edge) the spacing is therefore 
c = 0,866b 


or slightly below the interatomic spacing. It is generally not very relevant to 
quote volume densities of dislocations when they appear in the form of lineage 
or grain boundaries, since their character is linear or planar. The latter is true 
for larger crystal areas twisted or tilted with respect to each other. Surface 
densities of dislocations in this case are of the order of 10! cm~?, This cor- 
responds to a volume density of 10'* cm~*. If we assume, for example, a dis- 
location density equal to an impurity density of 10'S cm~>, we arrive at very 
small values for the angle between slip vector and dislocation line—from 
(8.10): 


ax? sin 60°, 
£ 


and with b~5A and c= 3/1/10" = 10-5 cm, « is of the order of 1073 
radians. In this case the dislocation is almost entirely screw. More often two 
crystal regions are tilted with respect to each other but under a very small 
tilt angle 0. In this case the dislocation distance D is 


b 
> =F sin@]2) 


(see Figure 4.5), and we arrive at tilt angles of a few seconds of arc for disloca- 
tion distances in the y: range. Since the spread of the space-charge region 
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around the dislocations is of the order of several »—depending on doping, it 
can be extended upward to 100 y for lightly doped crystals-—these dislocation 
Pipes are still overlapping and thus form coherent p-type layers with high 
pipe conductivity (see Chapter 9). 

Under applied lateral fields the dislocation pipe accepts more free electrons, 
and the density evaluated on account of a Fermi distribution law (8.9) is no 
longer valid in a range where coulombic repulsive forces compete with over- 
lapping wave functions leading to a smeared-out line charge. 

This was first established in probe measurements by Hogarth et al.!! who 
measured the extension of localized space charge layers around individual 
dislocations and found values in the range of 10 to 1004 in good agreement 
with later measurements (see Chapters 8.4 and 9.3). 


8.4 LOW-ANGLE LINEAGE AND GRAIN BOUNDARIES 


The definition of these forms, based mostly on edge dislocations, is by 
way of dislocation distance D, as in Section 4.2 and Figure 4.6. Isolated 
dislocation lines are rare, since in most cases crystal areas of three-dimensional 
extent are involved in generating a superposition of line charges in a two- 
dimensional, planar form. If the tilt angle 0 is very small and consequently D 
very large, the lateral overlap of compression and dilation is also small, and a 
small stabilizing force results, with attendant line deviation. In lineage the 
form of the lines deviates in all directions, because small obstacles like point 
defects can cause a deviation in the original straight-line pattern. 

In medium- and high-angle boundaries, the energy is so high, as we have 
seen, that the tendency of a straight line and planar growth is very pro- 
nounced, even repulsing growing low-angle lineage (see Section 7.2). As D 
decreases, or 0 increases, different regions can be envisioned (see Figure 8.14). 
As D is reduced in proportion to a single-line space-charge radius R, the indi- 
vidual space-charge pipes overlap and finally form a two-dimensional boundary 
within the crystal. The increase in screening distance over and above the 
isolated space-charge radius R is limited. As the bonds move closer together, 
the acceptor levels in the forbidden gap rise up toward the Fermi level. 
Finally, the valence band peaks over the Fermi level, and a degenerate p-type 
conductivity path forms. Further increase in 0 (decrease in D) then leads to 
highly concentrated defect layers of increased lateral dimension where micro- 
cracking results in material of polycrystalline nature. 

If we assume an original net donor density N,— N, in the material, the 
negatively charged line of acceptors repels conduction electrons and forms an 
average positive charge per unit volume: 


e(N, — N,)- (8.10) 
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La 


D> 2R dD, >2R dD, <2R DyK2R 
Fig. 8.14 Space charge cylinder overlap for decreasing dislocation spacing. 


A cylinder of radius R around the dislocation can be drawn so that 


enR(N,—N,) = Zan, (8.11) 
ec a 
or the positive charge in the cylinder equals the negative line-charge density 
on the dislocation. This leads to a space charge radius 


R =[an(N,—N,)}"'? (8.12) 
or 
u if 1 4/2 
“Ef Rawal ot) 


in terms of filling factor f, dangling-bond number c, and state density in the 
space-charge region. Within the space-charge region, the impurities seem to be 
ionized at all temperatures, although bulk impurities freeze out as 7’ is 
lowered. The impurity gradient at the space-charge pipe or layer decreases as 
the temperature is increased. The net charge density in the semiconductor is 
actually 


p=e(Ny—N,+p—n), (8.14) 
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where p and n are the free hole and electron charges. Here we generally 
neglect this contribution of free carriers to the space charge. At higher tem- 
peratures the space-charge gradient is lowered until it finally is smeared out 
over a wider distance and disappears. In normal temperature ranges and for 
nondegenerate doping we neglect the free-carrier contribution. The introduc- 
tion of the Fermi distribution function into (8.12) or (8.13) leads to the 
expression 


gu (toe a a ais 


en(Ny — N.) 


Typical values for n-type germanium of an impurity range N,— N, = 10!5 
cm~? and f ~ 0.5 (dislocation level below Fermi level) give, with c = 5 x 10-® 
cm, 


R~10~* to 107? cm, 
R~1tol0p 


W. T. Read has already argued that the value of fis different from that derived 
by Fermi statistics, because the occupation law for a line of closely spaced 
acceptor centers is not governed by Fermi statistics. We shall see later that 
in fact such a line charge can accept a higher number of additional charges 
under bias and that in this situation another charge-distribution law has to be 
invoked. If we assess the total increase in free energy of the line charge, the 
decisive part is the electrostatic energy per added electron £,(/), since the 
total increase is 


F(f) = E{) + Ex — Er. (8.16) 


Ef) represents the work done per electron to form the space charge, starting 
with electrically neutral material: 


E, = E,+ Ez + Ece + Eee: (8.17) 
E, is the energy of interaction per electron, or 
E. = tebe0, 


where 


2e ¥2 1 _ potential at one electron due 


$20 = ka =n toall other (n) electrons, (8.18) 


where k = dielectric constant. 
E, is the energy of the positive space charge alone: 


E.=5 [fob.ryanr dr. (8.19) 
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Here the space-charge potential can be found from an integration of Poisson’s 
equation as 


G(r) = se (Ri — 1), (8.20) 
where p = charge density = e(N, — N,). 


£,, and E,, are interaction energies of electrons and positive space charge and 
can be assumed equal: 


Eee = Exe =| f 40@.(r, 2) dr dz. (8.21) 


W. T. Read'® has evaluated the expression for E,, by developing (8.18) 
(8.19) and (8.21) the result being 


eR 
=—(In—-0. ‘ 22) 
E, tai (in = 866) (8.22) 
If we use the relations (8.12) and the interaction energy 
2 
e 
= 8.23) 
Bo=e (8.23) 
and define a distribution function f, for the case in which f = f. when R =a: 
F.= n(N, — NI, (8.24) 
we arrive, with (8.13), at 
of = 773. RN, —N,)23 (8.25) 
Se 
and 
asf 
5 In= =In nR(N, — N,), (8.26) 
zInz (Ne ) 
which is, with R/a = xR(N, — N,) from (8.13), 
Bi R 
S$In==In— 27) 
zine Inz (8.27) 
or 
E,= fe(3 In Z - 0.866). (8.28) 
Se 


Equation (8.28) expresses the work done per added electron in forming the 
space-charge distribution starting from neutral material. In order to find the 
potential at one electron due to all other electrons in the line charge and the 


166 Basic Electrical Properties of Dislocations in Semiconductors 


eb. eb. eds edo 


th 


x——> mm 


Fig. 8.15 Lowering of surface contact potential at the site of 
dislocations. 


positive space charge, we calculate 


90 = be0 + be, 


where #,9 = potential due to other electrons, 
¢. = potential due to space charge. 
Combining the solutions to (8.18) 
2e/, N 
=—-—(In—+0. 
$0=— 7 (in zt sm), 


where 0,577 = Euler’s constant, 
and to (8.20), leads to a potential function 


bo= ~~ (3 nt = 1.282) 


given by Read. 


(8.29) 


(8.30) 


(8.31) 
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This equation accounts for the increase in potential at the site of a dislocation 
and should give, quantitatively, the increase in potential, for example, on a 
semiconductor surface at the lieu of a lineage boundary or grain boundary. 
With (8.23) one can write 


ledol = Eo (3 int 1.232) (8.32) 
Se 

for the barrier in electron volts. Surfé ‘ace-contact-potential measurements show, 
however, that the supposed increase of the work function at the dislocation site 
is reversed into a trough or decrease in work function.'? In fact, the line 
charge is a region of higher conductivity, and the contact potential is lowered 
from the surface down into the bulk when the dislocation is oriented perpendi- 
cular and not parallel to the free surface (see Chapter 9).9"? This situation is 
schematically shown in Figure 8.15. At the location of the dislocations the 
contact potential ey is lowered considerably to a value ed; .? 


8.5 DIFFERENCES WITH REGARD TO THE HOST LATTICE 


In ionic crystals the fundamental properties of dislocations, as they have 
been elaborated so far, remain the same. The mechanical aspects are very 
similar in nature with slight changes due to acting coulombic forces whenever 
lattice deformations become important, for example, in the case of a [010] 
edge dislocation (see Figure 8.16). The mechanical strain at the end of the 
additional half plane ending here with a positive charge leads to a balance 
between the coulomb repulsive forces of the positive charges and the diala- 
tional lattice forces. The area of the edge dislocation attracts free electrons in 
this case, therefore, acting as an acceptor. In the opposite case, where the 
additional half plane ends with a negative charge, holes are attracted to the 
core of the dislocation, and donor character results, Similar situations arise 
in the [011] dislocation and have been discussed before,'* 

In III-V compounds, like InSb and GaAs, all [111] planes are arranged in 
pairs: GaAs...GaAs...GaAs, and so on. For energetic reasons, the dislocations 
form preferentially in the gap between the pairs. X-ray data and surface 
etching have shown that these lattices are differently charged in the [111] and 
{T7T] directions, for example. In each double layer the gallium (indium) 
atoms precede the arsenic (antimony) atoms in one direction but succeed 
them in the other (see Figure 8.17).'5 

X-ray diffraction close to the absorption edge reveals clearly the reciprocal 
behavior of the two crystallographic planes, as White and Roth have shown 
(see Chapter 3).!* 

Hornstra'®:'” has shown that in the diamond lattice all dislocations can be 
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Fig. 8.16 Sodium-chloride type polar lattice with edge disloca- 
tion. Burgers vector 4a[010). 


derived from three basic dislocations extending in the (110) direction, with a 
[110] Burgers vector. These are the [110] edge, the [110] screw, and the [110]- 
60° dislocation. 

The 60° dislocation has a (111) glide plane. In zinc-blende structures the 
[111] direction is polar, as we have seen (Figure 8.17, for example), and no 
allowed symmetry operations can transform a [111] into a [ITT] direction. 
The (111) plane, therefore, is a two-sided polar plane in heteropolar crystals 
of the zinc-blende type, and dislocations are of either type « of B depending 
on whether the glide plane is A(II1) or B(111). In InSb, for example, all 
atoms on the A(111) plane are In atoms, and all broken bonds of the « dis- 
locations are on In atoms and all broken bonds of the f dislocations are on 
Sb atoms. The [110] edge dislocations in the zinc-blende lattice have alterna- 
ting kinds of dangling bonds because of symmetry and, therefore, do not 
show the typical polar character. Their line charges are diminished by the 
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alternating charge sign at the free bonds, and the number of added electrons 
corresponds only to the lower-energy level resulting from the remaining charge 
imbalance in the dislocation array. These aspects have been studied in bicrys- 
tals grown from InSb double seeds by R. K. Mueller et al.,!® with the con- 
clusion that the « dislocation attracts electrons in n-type material and forms a 
negative core and positive space charge. This dislocation in p-type material 
attracts positive charges and again forms a barrier, but with donor-core 
character. The f dislocations, however, show donor character independently 
of the n- or p-type environment at least within the normal doping ranges used. 
These results can be understood to some extent by the model advanced by 
Gatos, et al. according to which the B surfaces show a higher reactivity on 
account of their impaired electrons. The A surface atoms are distorted from 
their original tetrahedral symmetry with only three of thes — porbitals occupied. 
In the growth process a B atom is added to an A atom and acquires the sp* 
tetrahedral configuration This is more difficult for the addition of an A atom 
to a B atom and leads to a distortion (see Figure 8.18). Gatos et al, have shown 
that this model explains also the fact that crystals of higher perfection can be 
grown using the B surface of the seed crystal in Czochralski crystal growth. 
The probability of twinning is markedly increased if a crystal is grown from 
an A[I11] seed, where three families of {111} planes exist for which the 
twinning conditions can be easily satisfied.?° 


Case 2 
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Fig. 8.17 Correlation of x-ray [111] and [TIT] diffraction and layer structure of III-V 
compound crystal. 


170 Basic Electrical Properties of Dislocations in Semiconductors 


A [111] growth 
direction 
Nonsymmetrical 
\. n 
\ 
Nee 


Bulk 


(a) 


B [111] growth 
direction 


Tetrahedral symmetric 
\ 


Bulk 


(b) 


Fig. 8.18 Growth process in InSb for A and B surface. 


PROBLEMS 


8-1, In what sense is the bent screw dislocation different from the edge dislocation? 
8-2, What is the influence on the electronic barrier height at the dislocation site of a 


stress-field-induced band-gap widening (see Figure 8.10 and 8.11)? 


8-3. Calculate the tilt angle between two crystal regions for a dislocation spacing of 


2» when the Burgers vector is equal to 5 x 10-* cm. 


8-4, Calculate the space-charge cylinder radius R for a bulk impurity density of 
(Na ~ N.) = 10'’ cm~* and a dislocation spacing of 5 x 10-* cm (filling factor 


S = 0.05). 


8-5. Discuss the effect of temperature on the space-charge pipe radius (8.15). 


8-6. Integrate Poisson’s equation 
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for the integral limits r-> Ro (Ro = space-charge radius > r). Integrate for the 
case when r > Ro (see Section 9.5). 

8-7. Draw a schematic of the edge dislocation in the NaCl lattice as sectioned bya 
[100] plane when the slip plane is [011] and Burgers vector 4a[01T]. 

8-8. Discuss the difference in crystal growth on A and B surfaces of III-V-compound 
crystals and their dangling-bond behavior. 
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Chapter 9 Anisotropy of Charge 
Carrier Transport 


9.1 THE EDGE DISLOCATION PIPE 


Before entering into a more detailed discussion of the effects of dislocations 
on carrier-transport phenomena (conductivity, lifetime, magnetoresistance, 
Hall mobility, and the like), we have to assess the real character of the disloca- 
tion pipe when subjected to carrier flow. Measurements of the effects of dis- 
locations in plastically deformed crystals cannot easily be interpreted as to 
the full extent of the dislocation-pipe properties. Even if orientated mono- 
crystals are being bent about a defined axis and the pipe direction has a 
preferred orientation, the measurements are concerned with statistically 
arranged dislocation pipes of small dimension (pipe radius in the micron 
range). In this case the pipes are mainly scattering centers for carriers because 
of their impenetrable and extended space charge. Their longitudinal high 
conductance, which is an important part of their properties, is not measured 
within the dominating bulk conduction at room temperature. From the initial 
model advanced by W. Shockley, it was derived that on formation of edge 
dislocations with their additional electron or dangling bond, a specimen 
should become more conducting (see Chapter 8, Ref. 10). In early experiments 
on plastically deformed crystals’ it was found, however, that the effect on 
n-type samples is a decrease in electron density and a decrease in electron 
mobility. In p-type samples the effects, if any, were very small or negligible. 
These results are now understandable because of the formation of space- 
charge regions around the dislocation pipes that essentially eliminate the pipes 
from carrier-transport phenomena, as long as they are laterally separated. 
The models advanced for the current flow on account of the picture of voids 
in the material are applicable, however, only when the transversal conductance 
of the pipes can be disregarded. Such models are the basis for a number of 
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works, for example, on recombination or changes in lifetime.?*. The results 
show that a relatively low dislocation density of the order of 10° to 10!° em=3 
has drastic effects on the lifetime of minority carriers, since the capture radius 
of the dislocations is as large as 3.4 x 10-8 cm at room temperature. The 
lifetime in n-type germanium is a function, 


t= 2.5N,' sec 
of the dislocation density N, in cm~?, and in p-type germanium we have 
t=0,7 x Nz! sec 


within the range N, =10* to 10° cm=*. Lifetime of minorities in silicon is 
somewhat less dependent on N, and obeys a law of the form t = 15 x N,7* 
sec.2® 

As we consider the model of these pipes, it is obvious that the extension of 
the space charge varies with the doping range of the bulk material and with 
the kind of crystal. In germanium the acceptor dislocation is clearly estab- 
lished. Even in p-type crystals we have found p* behavior of the dislocation 
and thus a formation of a space charge. In silicon, however, the Cottrell 
atmosphere at the dislocation or the effect of the stress field on the impurity 
environment can be of much greater variety. Heat treatment with the attendant 
Si—0 bond variations in silicon can have strong effects. Also the impurity 
distribution around the dislocation can be drastically rearranged by heat 
treatment. In aluminum or phosphorous-doped silicon crystals, for example, a 
first annealing at 1200°C generates n-type dislocations, and further heat treat- 
ment at 1275 to 1375°C forms p-type dislocations or an n-p-n structure as in 
germanium.> 

For plastically deformed samples bent around a major axis, for example, 
{110}, the etch pits on the [111] face lie in rows along the traces of the two 
active slip planes, (111) and (1T1). We deal with the different forms that can be 
produced later. Our basic assumption at this point is that the pipes are 
arranged in a statistical manner and are separated. In fact, the normal density 
of the order of 10° to 10’ cm~? or 107? 4? rules out any lateral overlap of 
the space charges that would be significant, as in the case in lineage and grain- 
boundary planes. In this case the two major effects are the following: 


1, The mean free path depends on the direction of the current flow. 
2. The mobility is direction-dependent, smaller perpendicular to the pipes 
and larger along the pipe direction. 


In the case of parallel flow, the dislocations are ineffective in scattering the 
component of momentum parallel to their length direction. In the early 
measurements on samples after plastic deformation, resistivity and mobility 
changes were observed in the direction perpendicular to the pipes,* and W. T. 
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Read makes a distinction between parallel and perpendicular current flow. 
This difference was later confirmed experimentally by Logan et al.> Values of 
recombination velocities of 2 x 10° cm/sec reported on low-angle boundaries 
are relative, since obviously the dislocation spacing or the tilt angle of the 
grains are decisive (for a general survey of this field compare Refs. 6 and 7). 

F. L. Vogel et al.® show the effect of a lineage boundary with wide spacing 
on lifetime values. A plot of the potential variation (I — V/V) (V = actual 
collector potential, Vj = potential without lineage boundary) over the dis- 
tance of the light injection point from the boundary (x, — x,) reveals clearly 
an exponential voltage drop and, within the bounds of the diffusion equation, 
a recombination velocity v on the order of the value found on clean surfaces. 

With increased tilt angle, lateral overlap of these dislocations, and forma- 
tion of a dislocation plane, the results of such measurements are more pro- 
nounced and complex”: '° and are discussed later. Here we want to emphasize 
that the model (see Figure 9.1) can be used successfully for isolated, statisti- 
cally distributed dislocations and can account for a number of aspects like 
those given according to W. T. Read’s theory. 

The anisotropic effects due to the properties of parallel dislocation pipes 
have been summarized by Bardsley.* Experimental work, mainly the measure- 
ments of carrier diffusion length by the traveling light spot method, show that 
the hole diffusion constants parallel to the pipes are greater by factors than 
diffusion lengths perpendicular to the dislocation arrays. Typical values 
for mobility and carrier diffusion constants are the following: 


Filament cut || dislocations Filament cut |. dislocations 
Hy = 1,850 + 100 cm? V-' sec~" Hs = 1,950 + 100 cm? V~" sec™* 
D Dy = 400 + 100 cm? sec! 1. = 80 + 30 cm? sec! 


Although the mobility in n-type Ge samples is less affected: Hy © Ha = Mn 
(4, = mobility in control crystal for lower field values, E < 100 V cm™'), the 
minority carrier diffusion constant is strongly affected: 


D\>D,~D, 


for minorities in n-type samples, that is, holes, For higher fields (> 100 V cm7!) 
one finds 4, <4 ~4,, which means that also the mobility is affected if 
carriers are drifting at higher speeds. 

It is not astonishing that in p-type Ge samples D is isotropic and normal- 
valued and that only ty > t, (lifetime difference due to diminished space 
charge around dislocation core compared to the n-type case). 

In both, n-type and p-type Ge samples, the conductivity did not show 
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Fig. 9.1 Current flowin crystal with dislocations along one major axis. 


anisotropy for lower dislocation counts: Np < 10° cm~?. Measurements of 
Logan, Pearson, et al.* carried through for Np = 5+ 107 cm>? showed the 
distinctly strong conduction anisotropy also seen in the case of overlapping 
dislocation pipes, especially for grain-boundary planes, as shown in Chapter 
Tk. 

As we apply the space-charge-pipe model to the dislocation arrays, some 
authors* have compared the pipe with a conduction-line analog to a coaxial 
transmission line where an injected hole becomes a majority carrier (within 
the positive space charge adjacent to the dangling-bond linc) and travels down 
the line. This represents a conduction mechanism independent of the bulk 
mobility value, since no capture within the line is possible. In a lumped 
impedance form, a model, as shown in Figure 9.2, is possible when R is the 
resistance per unit length of the inner p-type conductor of radius ro. Between 
the radii ro and r, lies the space charge or the relatively carrier-depleted region 
of the p-n-junction with barrier capacitance C and conductance G per unit 
length. The characteristic impedance of such a line is 


Z=(G+ iwc)", (9.1) 


where w = frequency. 
A signal S is transferred as 


S=S, ex|-1(§) " (9.2) 


along the line (where / = length). 
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The signal attenuation per unit length is 


d(n S)__ (RC\*? ( oe)" ie 
a= (5) [ Lope). ell (9.3) 
and the phase shift is 

do RG) 1/2 w*C? 12 a2 

an (F) [(: a ) - i} : (9.4) 


Traveling light spot techniques have been used to measure D and t with 
simultaneous measurement of phase and amplitude (modulation frequency 
4 ke/s).* If only the hole current is considered (electron conduction is mini- 
mized in space-charge pipes in n-type germanium), the number of holes P per 
unit dislocation length can be assessed on account of the charge neutrality 
condition: 


Pat — arh(n,-N,), (9.5) 


where F = fractional occupation of dangling bonds, 
a= separation of occupied sites, 
Na — Nq = excess charge density in space charge. 


R 


In c G Out 


Fig. 9.2, Model of dislocation transmission line. 
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Since 
mi(Ne- N=, 
© 
where ¢ = spacing between dangling bonds, 
we can write 
Lek 
p=s(;-3). (9.6) 


and the reciprocal value of P + t4,4, where 114 is the hole mobility in the pipe, 
gives the resistance R: 


r= [Abdel o” 


Now the traveling light spot measurements allow one to measure D and t by 
way of signal amplitude S and phase-shift @ measurements of the light spot 
modulation frequency w: 


LinSiroh} = (2D0)7[(1 + @7?)!? + 19", (9.8) 
“ = (2D1)"*?[(1 + ?2?)/? — 172, (9.9) 


Comparing these equations with the network-model equations (9.3) and (9.4), 
one concludes that 


Dy = (RC), 


ae (9.10) 


where D, = effective diffusion constant within pipe, 
ty = release time from entrance to exit. 


These interesting results allow one to account for the diffusion-length in- 
creases measured along the pipe direction. 

If one assumes that entrance of holes into the cylinder biases the p-n 
junction in the forward direction (lowering of the barrier height), holes leave 
and electrons enter the p region. If t, = average time of hole in cylinder before 
recombination and f, = average time of hole in cylinder before escape from 
cylinder, we must have 


t=CGz' and = 1%,=CG; (9.11) 


G,, G, = conductances for holes and electrons respectively, For the total 
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drift time one has the relation: 


(9.12) 
ty 
bad > 9.13 
a to+ty ¢ ) 
with 
9) 112 -1 
te= [2(G) Orson No] (0.14) 
where Np = dislocation density, 
vy = hole thermal velocity. 
The minority carrier lifetime is then 
t 
wee tte + fa) (9.15) 


" ty 


In drift-mobility measurements the time ¢,, defined earlier, is the analog to 
the trapping time. If the drift field is normal to the dislocation pipes, trapping 
does not take place, and so the drift velocity is 


r 


y<. (9.16) 
be 
If the field increases to a value 
Ya 
E,=—, 9.17. 
arn (9.17) 


trapping occurs and lowers the mobility, and so the effective drift velocity is 


% 
Bon = SH + DCL =), (9.18) 
e 
where 
Hi t, 
esl BOTH 


vg = normal drift velocity. 
If the drift field is applied parallel to the pipes, the effective mobility is 
Het = Mpa 1’ + Up(l — 1"). (9.19) 
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The measurements suggest that 9’ ~ 0.5 or f, ~ t,. Thus the effective mobility 
(9.19) is then 
Hett = 0.5(Hpa + Hp) (9.20) 


or the average of pipe and normal drift mobility. These measurements have 
been made for a dislocation density of 


Np = 10° cm~?, 
leading to the following values: 
r, =0.8 x 107* cm, 
te = t,=5 x 107!° sec, 
with 9’ ~ 0.5 and py ~ py. 
The diffusion constant in the pipes D, (9.10), as calculated for 20 ohm cm 
germanium, gives 


1 
De=— = = 2 ? sec" !,# 
“= RG RG, 1, 00 cm? sec 


Actual values used are 
Na-N,=10'*cm™%, pp, = 3:10!? cm=3, 
Ep — Ey = 0.42 eV, Lo = 2:10"? cm (diffusion length). 


For the condition that Lp > r,, G, could be evaluated and D, calculated, 
The dislocation energy level for f= 0.1 and c = 4 A was found to be Ep - 
0.4 eV below the conduction band: 


R= 1.2 x 10? ohm cm™! and fing ~ fy. 


According to this the injected holes spend about half of their lifetime in the 
inversion cylinders. There the observed value of the diffusion constant lies 
between the value of D, given above and the normal value of 47 cm? sec”, 
ie. Dy... ~100 cm? sec™!, which is the observed value. 

These measurements confirm later studies of the anisotropy of carrier trans- 
port in dislocation planes. Since bent and grown dislocated crystals show the 
same behavior, it is suggested that impurity atmospheres play a minor role 
in these experiments. 

It is already concluded by these authors* that the binding energy of the 
dislocations is a function of the local electric field caused by the space 
charge. In fact, as we derive in Chapter 11, the space charge widens for in- 
creasing orthogonal pipe ficld, thus establishing increased barrier action for 
holes, attracting them into the space charge and keeping them within the 
confines of the dislocation array for higher drift velocities. 

Electronic noise measurements on such samples made of silicon crystals 


* Note that R in ohm/cm G in mho/cm. 
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have also shown that the dislocations can act as arrays of acceptors. These act 
as traps for electrons below room temperature and as recombination centers 
above room temperature. The energy level of the sites £, is 0.60 + 0.03 eV 
from the top of the valence band, and the fractional occupation J (filling factor) 
is about 0.05 at room temperature. 

The potential barrier height at room temperature is here 0.2 eV for 
silicon (n-type of 200 ohm cm).!! 

To complete the picture of the edge dislocation pipe, it has to be pointed 
out that the array within the pipe is built up of closely spaced dangling bonds 
or states “pulled out of conduction band.” 

V. Heine’? argues that such states arise mainly because of the extra space 
represented by the dislocation core and should therefore be equally present in 
the case of screw dislocations without disrupted bonds. 

It is difficult at least to clearly establish the fact if a screw-dislocation bound- 
ary is really devoid of dangling bonds. As we saw in Section 8.2, the disturbed 
screw or bent dislocation that does not lie in a single plane parallel to the slip 
vector can form dangling bonds. Therefore measurements on screw disloca- 
tions have to be analyzed carefully with respect to the presence of such bent 
dislocations. Measurements on edge dislocations and twins have clearly shown 
the importance of the dangling bond, and it is not unreasonable to associate 
the dangling electron with an acceptor state before filling and with a donor 
state after filling. The negative excess charge in the last case is responsible 
for this level to act as a hole trap. 

The model is, however, more complex because of the dependence of the 
filling factor f on the voltage applied to the lateral space charge (see later in 
the text). The increase in f means a stronger overlap of the individual electronic 
wave functions within the array and an increased array conductivity. The 
array behaves like a degenerate piece of semiconductor, the degeneracy being 
a function of the lateral field across the space-charge domain. A dislocation 
pipe situated, for example, between a p-n junction and a contact area acts in 
two ways (see Figure 9,3a): 


1. It carries excess current with increased field between the p-type layer and 
the contact. 

2. The amount of current is dependent on the lateral field across the space 
charge, increasing for increased lateral field. 


This situation can be the main cause of difficulty in junction devices, for 
example, in a case where the dislocation runs across a p-n junction space- 
charge layer (see Figure 9.3a). It can draw a higher current than the surround- 
ing high-resistivity inversion layer and strongly increase the leakage current. 
In power devices and junction lasers, for example, such spots are the areas of 
microplasma formation and burnout. (Compare Chapter 14 Sections 14.1 
and 14.2.) 
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Fig. 9.3 (a) Dislocation D,, as shunt in p-n-junction, shunt emitter-base in 

planar transistor, or shunt in et r or collector junction space charge in lateral 

transistor; D2 inactive, (6) Dislocation a shunt in N-channel surface barrier MOS- 
transistor. 


The configuration in Figure 9.3a applies in the case of diode structures and 
transistors. In the case of a field-effect transistor the additional field E across 
the space charge has a widening effect on the pipe, and thus the pipe draws 
more current through the space charge. In planar transistors pipes could 
reach the lower collector contact which is not possible in lateral transistor 
structures. The latter are therefore the logic device forms when numerous dis- 
locations are present, as in all heteroepitaxial material. Figure 9.3b shows the 
case of a metal oxide semiconductor FET with an N channel depletion layer 
at the gate. There the dislocations in the vertical position are most dis- 
advantageous. In thin-film transistors with surface barriers of the P channel 
type, the effects are less pronounced, but in all cases the performance suffers 
and reproducibility and yield are downgraded. We deal with these questions in 
some detail in Chapter 14. 
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9.2 SCATTERING BY DISLOCATIONS [STATISTICAL DISTRIBUTION] 


If we assume spacially separated dislocations, as presented in Section 8.4, 
the main effects on carrier flow are due to the impenetrable space-charge pipes 
and their activity as traps and recombination centers. The treatment by W. T. 
Read starts with the assumption that electron scattering at the edges of the 
space-charge tubes is predominantly specular. Broudy'* made it a specific 
point to assume “diffuse” scattering, introducing a “diffuse scattering 
factor 0.” 

As Read indicates, specular scattering would be applicable in all cases where 
the spacing a= c/f, of occupied states within the space-charge cylinder is 
small compared with the radius R of the space-charge cylinder, which is the 
usual case. Read takes the example of N, — N, = 10'S cm~3 (1.7 ohmcm, 
n-type germanium). With f~0.1 for 0 <7 <150°K (dislocation acceptor 
level at 0.225 eV below the conduction band), R lies at a value of 


R = 2830A, 


which is large compared with a = c/f = 4A/0.1 = 40A. The spacing between 
excess chemical donors is here 


3 1 
——— =1075 
ae 07% cm 
= 0.1 = 1000A. 


For higher doping ranges / increases linearly, since f = xR?c(N, — N,) and a 
decreases for fixed ¢ (number of available states): 


R>(N,-N,)719. 
Therefore, Broudy’s conditions 
R>(Na-N,)'8 >a (9.21) 


should be maintained for normal doping ranges. 

The treatment of the space-charge cylinders as holes or voids in isotropic 
conductors starts with the assumption that a fraction ¢ of the volume is 
occupied by the space-charge cylinders: 


e=R?-N,, (9.22) 


where N, = number of dislocations per cm?. We define an actual average 
electron concentration: 


<n) = n(1 = 8), (9.23) 
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or 


(9.24) 


dn = mR?(N, — N,) = £ -1 (9.25) 


see (8.11). The total relative electron depletion ¢ due to the existence of N, 
dislocations is then 


én-N Nef 
= = = N,nR? = —+ > _ is 
PO NN, = CN ND’ ees 


where N, « f/e = N,/a = number of dislocation acceptors per cm?. 
In this form ¢ is a measure of f, the filling factor of the dislocations, if their 
number and the general impurity concentration are known. 

As the electrons <n) taking part in the conduction process wind through 
the space-charge cylinders, their mobility is reduced and therefore also the 
conductivity. 

Assuming that a field is applied in the x direction, the average field <E,) is 
different from the local field £, and also from the average field <E.>,_ Which is 
active just over the normal material. Introducing a weighting factor (dis- 
tortion factor) 

SEDn 
00) = SES (9.27) 
g(¢) defines the relative contribution of the field in the neutral n-type material 
to the average field. We can express the sample current 


<I> = CKNYKE,)y (9.28) 
as 
<I> = eukn><E,>g(e) (9.29) 
or with (9.23) 
(Ix) = eun(1 — &){E,>,- (9.30) 
Now <J,>/<E,>n defines the effective conductivity 
Sere = epun(1 — 8), (9.31) 
and the conductivity in n-type material only amounts to 
c= Se = en. (9.32) 
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The actually measured conductivity o* is therefore 


Mh 1B: 
= Ey ne 


(9.33) 


or 


o* = eun(1 — e)g(e) 
=o(1—s)g(e) (as e+0, g(e) > 1 and o* +0). (9.34) 


The relation between measured and local conductivity is 


ot _ <n) (Eade 
o n (E> (9.35) 
-2 9) 
or with the current equations 
Ia) = euCnE, 
(le dn = CHE, (9.36) 


o KEY Dn 


In the simple-void model an increase in the number of cylinders would in- 
crease ¢ or decrease g(e). Finally, for complete overlap, when all space-charge 
cylinders touch each other, g(e) = 0. For small values of e(¢ < 0.7), g(e) can 
be represented by (1 + e)~!. Broudy'® discusses the three main cases of orient- 
ation of the pipes with respect to electric and magnetic field vectors, based on 
Read’s model. 

We have plotted these cases in Figures 9.4 and 9.5. 

Figure 9.4 shows the sample orientation with regard to the pipe orientations. 
The pipes can have three different basic orientations in the sample, 4, B and 
C. If the electric field vector E, (current vector I), the magnetic field vector H, 
and the Hall field vector Ey are fixed as a coordinate system, case A represents 
the usual configuration in which the current flow is orthogonal to the pipe 
direction and the magnetic field in the pipe direction. In case B, the magnetic 
field is orthogonal to the pipe, and the current runs along the length of the 
pipes; and in case C one has a case like A with respect to current flow but with 
the magnetic field orthogonal to the pipe direction. Although Read considers 
only cases A and C in detail, Broudy discusses all three. 

Logan, Pearson, and Kleinman* remarked that Read’s treatment neglected 
the dislocation effect by the pipes, dealing only with the scattering. Obviously 


ot dle) CED 


Fig. 9.4 Basic orientations of dislocation pipes with respect to: I, E, H. 
(En = Hall field). 


the introduction of space-charge pipes increases the average clectric field, 
which is equivalent to a decrease in mobility. Also, the inhomogencity in 
electron distribution would have to be considered. 

These effects operate on the electron distribution in momentum or k space. 
Logan et al. obtain the mobility reduction due to distortion and scattering by 
multiplying the separate reduction factors. 

Another improvement of their treatment is concerned with the ratio of 
Hall to drift mobility. 


Fig. 9.5 Corresponding three cases for current flow and magnetic ficld direction in 
relation to pipe direction. 
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Changing over from the spherical conduction-band valley to four ellips- 
oidal energy surfaces, this value changes from 


Br 3k (9.37) 
Ha 8 
to 
7 eet) (9.38) 
In the trivial cases 
(a) H=0 ID, 
(6) H=0 ILD, 
the effective mobility ju(e) is given as 
(a) ue) =z, (9.39) 
(6) H(e) = yg(e)F(X). (9.40) 


In case a, the pipes are disregarded altogether. For low-mobility bulk 
material and high dislocation density, this could be a fallacy because of the 
relatively high mobility within the space-charge pipes. 

In case b the distortion factor g(e) and the scattering factor F(X) are multi- 
plied in the result. F(X) has been derived by Logan et al. and is given by 


sin? 


3 pre 
Foy=3 J, 1+Xsing 


dd, (9.41) 
where X = ratio //Ip, 
/ = mean free path, bulk, 
Jp = mean free path due to dislocation scattering 


3/2\2 
b= 3(qr) % (9.42) 


N = dislocation density, 
F(X) has the bounds 0 and | (see Figure 9.6), 
F(X) is 0.5 for X= 1 and approaches | for decreasing X and 0 for 
increasing X, 
¢ = scattering angle (see Figure 2.23), 
For H 4 0 we always assume H LI. 
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Fig. 9.6 Scattering factor: F(X) = 3/2 fe/* sin*¢/(1 +X sin $)dd, X= 
Wp, 1= mean free path in bulk, /p = mean free path in dislocated area. 
Magnetic Field Parallel to the Dislocations 


CASE A. The Hall field is normal to the dislocations and assumed to be of 
small magnitude (no current flow in z direction): 


1 = eunE — Hs Ix H, (9.43) 


where 4, = Hall mobility, 
¢=3>+ 10! cm/sec. 
The y component of the field E in (9.43) gives 


Hy" A, 
c 


<I) =eu<nE,> (I, =0). (9.44) 
With 

<nEy> _ <nE,) 

<Ey) — <E,> (9.45) 


= <ndg(e) 
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from symmetry, we can write 


nH, 


<I> oT HKNDKE,Da(e). (9.46) 
The Hall angle is 
KE 
om ED 
(9.47) 
0 = py: 2 
= Ha 


or unchanged by the dislocations. 

In this treatment we have assumed, like Read, that there is no current flow 
parallel to the dislocations, which is correct as long as their alignment is 
precise. 


Magnetic Field Perpendicular to the Dislocations 


CASE B. In this case, Broudy assumes that the electrons in the dislocation 
acceptors make a negligible contribution to the conductivity in the x direction. 
This is by no means the case. As we describe later, a dislocation pipe acts like 
a line charge or a filament of degenerate material with high conductivity. The 
higher their number, the greater their contribution to the carrier flow in the 
longitudinal direction (x in case B). The Hall voltage develops in the y direc- 
tion perpendicular to the pipes. Broudy finds that the Hall constants with 
and without dislocations should relate to each other as 


Re be act (9.48) 


This model cannot describe the facts due to another aspect. If the dislocation 
space charge (pipe) is subjected to a lateral field (here the Hall field E,), the 
space charge widens like any p-n junction under bias and the pipe increases in 
conductivity. 


CASE C. This case is discussed in detail by Read and leads to the result that 
the Hall angle is 
ig f 
9 = Ht g(a) (9.49) 
or that the dislocations reduce the Hall angle, since g(e) < I (the scattering 
factor F(X) is assumed equal to 1). 
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Here again the Hall field £, would induce a current along the pipes, and 
because of the much stronger field £,, perpendicular to the pipes in this case, 
the space charge would widen considerably and the pipe conduction cannot 
be discarded. (This refers also to the treatment by Logan ct al.*) 

Broudy notes for this case that neither 


grad E nor curl J 


would disappear, but V x £ as well as VJ are zero. Current components in 
the y direction definitely change all assumptions. It is also known that the 
mobility within the pipes is relatively high (see Chapter 11). In Figure 9.7 we 
have tabulated the values of interest for the three main cases A, B, and C 
(Read, Broudy, Logan, et al.). The index 0 refers to the value without 
dislocations. 

The dislocation pipe scattering or its influence on the mean free path was 
discussed in Section 2.10. The ratio of mean collision time t, to the mean free 
time zt, is equal to the scattering parameter: 


= (1 — cos 6,). 
™ 


Read pursues this analysis in order to find an expression for the ratio of Hall 
mobility for combined thermal and dislocation scattering to Hall mobility 
for thermal scattering alone. His assumptions that: 


1. The fields £ and H are constant throughout the material 
2. The velocity distribution of the electrons incident on the pipes is the 
same as the average distribution over the material 


are reasonable but are limited to the case of large dislocation pipe spacing. 
Although Read assumes that Av = Ao, (specular reflection), Broudy suggests 
a space-charge cylinder with a smooth region /. / is added to the space-charge 
cylinder R and is assumed to be of the order of £R = 1MFP (mean free 
path). In this way measured data of magnetoresistance are fitted to theo- 
retical values on account of the simple scattering model. 

There is no doubt that these models can be used to predict resistance and 
Hall data correctly for the case of wide dislocation spacing (low density), 
exact alignment in one crystallographic direction and simple geometry as in 
case A. 

Logan, Pearson, and Kleinman have shown that bent samples with the 
dislocations running in the (112) direction, for example (see Figure 9.8), 
display remarkable anisotropy. Current fiow parallel to the dislocation pipe 
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Fig. 9.8 Samples as cut from wafer uni- 
formly bent about (112) axis. (After Logan, 
Pearson and Kleinman [9.5].) 
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Fig. 9.9 Measured resistivity as function of 1/T. (After 
Logan, Pearson and Kleinman [9.5].) 
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axis D shows a much less increased resistivity than current flow perpendicular 
to the pipes (J | D)—see Figure 9.9. The carrier mobility for the case of JL D 
shows a decrease roughly given by (9.40) and no mobility change in the case 
of 1 || D (see Figure 9.10). The change of ¢ (9.23) has been plotted by these 
authors and shows relatively low values for 300°K (see Figure 9.11). 
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Fig. 9.10 Mobility as function of 7. Theoretical curve 
calculated from (9.40). (After Logan, Pearson and 
Kleinman [9.5].). 


In all cases, however, where lineage occurs or dislocations are clustered and 
where random orientation predominates, the very strong space-charge effects 
and the strong pipe conduction have to be considered in order to understand 
the effects of dislocations on carricr-transport phenomena. These data are 
discussed later in connection with the properties of grain-boundary planes, 
accessible to measurements (see Chapter 11). 
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Fig. 9.11 The function ¢ defined by (9.23) showing experimental 
points and theoretical fit for Ep = 0.179 eV. (After Logan, Pearson 
and Kleinman [9.5].) 


9.3 THE EDGE DISLOCATION AND RESULTING SPACE CHARGE 


The question of the actual width of the space charge and its importance for 
carrier transport is of primary concern in solving problems of device per- 
formance, reproducibility, and yield. 

Especially in modern high-density microcircuitry the chances to meet a 
dislocation have to be minimized. A dislocation density of 10° cm~? means, 
for example, that junctions of the size of 1000? meet with one dislocation on 
the average. In power devices of large dimensions the action of several dis- 
locations vertically arranged to the junction space-charge layer can produce 
gradual or catastrophic changes especially under applied fields, Within junction 
space-charge layers the field is high and generally of the order of 105 to 
10° V/cm. 

Therefore, it is our concern to assess the real importance of mainly the edge 
dislocation space charge for crystal performance. 

Early measurements on dislocations by point-to-point probing are not con- 
clusive because of the point extension beyond the dislocation range or the 
surface potential problems, discussed in Chapter 8. 

The contact or light spot probing of grain-boundary layers is discussed in 
Chapter 10. Here we describe the results of electron-beam scanning of 
individual dislocations on crystal surfaces. 

Extensive studies have been made of the surface and subsurface of semi- 
conductor crystals and of devices by the use of the scanning electron micro- 
scope (SEM). The electron-beam probing, however, has been extended beyond 


9.3 The Edge Dislocation and Resulting Space Charge 195 


the typical SEM mode. R. F. W. Pease'* recently described the three main 
signal derivations from a sample under SEM study: 


1. Secondary electron emission 
2. Recombination radiation 
3. Induced current across the sample surface or subsurface 


Actually methods 2 and 3 are not SEM in the strict sense. In the cases reported 
here, an electron microprobe was used with a scanning attachment. 

Each of the methods, 1 to 3 has specific applications, depending on the 
kind of materials and configurations under study. For the detection of in- 
homogeneities in semiconductors (crystals, devices, microcircuits), method 3 
has shown great promise and versatility. In this case we call the method SEB 
(scanning electron beam). Because here the sample current is monitored, the 
method reveals regions of varied conductivity like metallizations, barrier 
layers, semiconductor surfaces, and a beam-induced electron-hole pair genera- 
tion changes the current in proportion to the number of carriers excited. This 
again is a function of the crystal surface and subsurface condition, with local 
high-field regions being more effective carrier-generation areas. Numerous 
oscillograms have been made in the past on semiconductor devices and 
microcircuits using all three methods.'**!® Although defect metallizations, 
junction misalignments, and breakdown areas are easily located, individual 
dislocations have been seen only where the dislocation is located directly with- 
in or near the space charge of a diffused junction.'7 

Tn what follows we describe the imaging of individual dislocations with their 
space charge by the simultaneous application of a high local surface field and 
electron beam excitation with scanning. 

The general setup is shown in Figure 9,12. The semiconductor crystal or 
film under study is covered by two metal electrodes (evaporated aluminum 
or other metal layer) separated by a small distance (millimeter range) to apply 
a sizable field across the surface to be scanned (£ ~ 10° V/cm). In this way the 
localized space-charge regions around dislocations and defects are biased to 
produce visible carrier density differences at both barrier sides. Here no dif- 
fusion is applied to produce a high field. The barrier present is due to the 
dislocation space charge and is widened and made visible in the SEB. A 
diffused junction would not allow one to assess clearly localized barriers under 
varied field conditions in a surface scanning mode. The electron beam gener- 
ates electron-hole pairs separated at the dislocation junction or defect junction. 
One has to keep in mind that surface damage also, like scratches, causes 
dangling bonds and that these also build up a surrounding space charge, as we 
shall show. The instrument used in this case was the Applied Research Labor- 
atories (ARL) electron microprobe x-ray analyzer (EMX), which contains the 
basic microprobe, beam-scan console, analog recorder, and digital recording 
system with additional peripheral device operation or sample biasing 
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Fig. 9.12 Sample arrangement in scanning electron microscope set (schematic), 


equipment. Beam voltages are of the order of 10 to 30 kV, with beam 
currents in the order of 10~? amp. 

In order to calibrate this method it is desirable to start with samples with 
well-known defect structures. To this end, first germanium bicrystals, artifi- 
cially grown from tilted perfect double seeds are used. Tilt angle is 0 = 10°, 
individual seed orientation is [100] in order to avoid twinning. Twist angle and 
rotational misfit (screw components) are kept below 1° cach.'* Dopant is 
antimony (Sb), and the bulk resistivity is 0.1 ohm cm. Dislocation density in 
the bulk is Np < 6 x 10° cm™?.* 

These bicrystals are grown for photoelectronic devices and are small enough 
(1 by 1 by 0.5 mm) to be contacted at the ends for operation as n-p-n devices 
with an extremely thin p-type center layer.'®: '° This causes a double barrier 
in the center of the crystal in the unbiased state. If the electron beam moves 
across the grain-boundary barrier (in a horizontal mode without scanning) 
the double barrier appears clearly (see Figure 9.13). The small replicas of the 


* Such bicrystals are produced by Metallurgie Hoboken, Belgium, and have been kindly 
supplied for such studies. 
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Fig. 9.13 X-scanning of germanium bicrystal without bias (n-p-n structure). 
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central barrier at both sides of the oscillograms are due to the retrace signals 
and can be disregarded. 

When bias is applied, one of the n-p-n barriers is forward-biased and thus 
does not produce a voltage drop. In this case only one peak can appear (see 
Figure 9.14). 
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Fig. 9.14 X-scanning of germanium bicrystal with bias (showing left barrier layer). 
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In the scanning mode the whole grain-boundary barrier appears (see Figure 
9.15). Here no bias is applied, and the dislocation plane appears as a bright 
line in the center, its width is about 2 u and corresponds to the barrier-layer 
width at both sides of the central grain boundary, which is about 100 A wide. 

With bias applied in one direction, a darker line appears at the right of the 
bright line (see Figure 9.16), and in a reversed bias mode the dark line appears 
at the left of the central grain boundary (see Figure 9.17). The change in the 
direction of the depletion region (light side) is clearly visible in the oscillogram 
taken while the bias polarity is switched back and forth, as shown in Figure 
9.18. 

In such samples where a grain boundary divides the entire cross section, 
the outer bias voltage is not even necessary for visibility. Working with a 
smaller resistor, as in Figure 9.15 and using de coupling instead of ac coupling 
would also produce a strong barrier picture. This behavior can be expected 
on account of the buildup of a symmetric grain boundary, as illustrated 
schematically in Figure 9.19.'®*° While the innermost disturbed region 
(energy AE, in Figure 9.19) is only about 100 A wide,'®:?° the space charge 
can have wide extension up into the range of many microns. 

Individual edge dislocations are not so easy to subject to a biasing field 
especially when they run vertically to the surface. With appropriate bias and 
surface conditions, however, similar SEB pictures can be obtained also on 
these circular space-charge domains. 

Germanium and silicon monocrystals of low dislocation count can be pre- 
pared so that a group of dislocations may be subject to a surface field. The 
voltage to be applied across evaporated contacts is somewhat dependent on 
the resistivity of the material. 

For 2 ohm cm gernanium and 10 ohm em silicon, for example, and an 
electrode spacing of 1.5 mm, a typical voltage value of 65 volts proved to be 
sufficient (or a field of ~400 V/cm) and revealed clearly the circular space 
charge around the dislocation sites. 

In Figure 9.20 a germanium sample is scanned, showing triangular etch pits 
in [111] orientation, usually seen in microtwinned regions. As seen from their 
light and dark regions, they are associated with space charge and disrupted 
bonds. The silicon sample (see Figure 9.21) is marked by similarly extended 
(20 11) space-charge domains around the edge dislocation [111]. 

Smaller dislocation spots are visible, only a few microns in diameter. The 
diameter of the space-charge pipe also depends on the amount of misfit and 
the direction of the dislocation line with respect to the surface, the inclined 
position resulting in extended spots and the 90° position in minimum spot 
size approaching the theoretical space-charge pipe extension. 

In Figure 9.21 surface damage in the form of scratches is also seen. We 
discuss this later. 
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Fig.9.15 X-Y scanning of bicrystal without bias (n-p-n structure). 
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Fig. 9.16 X-Y scanning of bicrystal with bias (showing barrier 
layer at left). 
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Fig. 9.17 X-Y scanning of bicrystal with reversed bias (showing 
barrier layer at right). 


9.3 The Edge Dislocation and Resulting Space Charge 203 


ieee eee 


2OKV/.02 WA 


Fig. 9.18 Germanium bicrystal sample under X-Y scanning with 
cyclic bias reversal. 
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Fig. 9.19 Model of symmetric grain boundary in hypothetical cubic lattice. 


Considering the model of an edge dislocation in a homopolar lattice, we 
are led to the conclusion that the additional half plane of free- or dangling 
bonds forms a space charge. The negative core charge in germanium, and in 
most cases also in silicon, is produced by attraction of free electrons to the 
dangling bonds in a hybridized bonding. This gives rise to a localized space 
charge. In an extended lattice structure the lattice points within the additional 
half plane form a line charge around which a space-charge cylinder is establi- 
shed. The properties of these space-charge cylinders have been described first 
by W. T. Read,* and their electronic behavior has been the subject of further 
work.'®: 22:23, 24 According to Read’s model, the edge dislocation forms a 
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Fig. 9.20 SEB picture of germanium monocrystal (2 0 em, Sb-doped) 
with triangular dislocations (microtwins) under lateral bias condition, 
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Fig. 9.21 SEB picture of silicon monocrystal (10 Q cm) with edge dis- 
locations at surface under Jateral bias condition. 
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space-charge pipe, as shown in Figure 9,22. Actually, the space-charge pipe 
comprises hundreds of lattice points but is reduced here for obvious reasons. 
The application of a field of the sign indicated biases one side of the n-p-n 


SPA 


CHARGE X 
ca CYLINDER \ 


T 


[%b-%e | 


Fig. 9.22 Model of edge dislocation space charge pipe in hypothetical cubic case and band 
structure. 
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structure in the forward direction, limiting the space charge, depressing the 
barrier, and decreasing the number of carriers generated by electron impact. 
At the other side, however, (® in Figure 9.22), the high carrier generation- 
recombination rate enhances the sample current drawn and results in a bright- 
ening of the oscilloscopic picture. If c is the spacing between dangling bonds 
and a the spacing between added electrons, their distribution function is 


fe, (9.50) 
a 
for which a Fermi distribution can be assumed in a first approximation: 
Ep ~ Ep\~* 
=(1 . 
fom (1-4 exp “2 *t) 0.51) 


where Ey = dislocation level, 
Ey = Fermi level. 


(This assumption?! is not valid for closely spaced arrays, as in grain bound- 
aries, since there charge density is limited by coulomb interaction.) If each 
dislocation carries a charge e, the average positive charge on the space-charge 
cylinder is 


fo, (9.52) 
c 


e 
a Na— Nan + p)nR? =e- 
where R=radius of coulomb cylinder, 
e = electron charge, 
N, — N, = donor minus acceptor concentration. 


Neglecting the free carrier densities n and p, the space charge cylinder has the 


radius 
teat fo ue 
a ol iis 


where fo is in the range of fy at 300°K, which gives, for a net carrier density of 
10'S cm~*, a space-charge radius in the micron range. The barrier height can 
be found from the potential of the line charge. If a distance r, is defined so that 
R> 1, > a, the potential due to n electrons in dangling bonds can be derived. 
Forr <r, and n > n,, where n, is a sufficiently large number of line electrons, 
and assuming 7, > r;,/a, one obtains?* 


2ef ™ 1 N 
o(y= ~ = 1 Tat Z|. (9.54) 


where « = dielectric constant, 
N = total number of electrons in dislocation levels. 


9.3 The Edge Dislocation and Resulting Space Charge 209 


The potential due to the positive space charge is?* 


o(r) = +2 [1 +2In ve (-)']: (9.55) 


The total potential being or) = 9Ar) + er), we have, in the limit for 
ry > Ry my, > N/2, 


=[¥ ee ye (7) 1]. (9.56) 
rn=-— FH + 2In— + (5) - 11. i 
or) Kal n= /n? + (ra)? Na zl | ¢ 
From (9.56) the potential barrier ¢% = (0) can be found, and the barrier 
height in electron volts can be calculated. Numerical evaluations?> 26 show 
that ¢ lies in the range of a fraction of an electron volt in most unbiased cases 
or that the barrier should withstand only a small blocking voltage. In this 
model the influence of the external field on the space charge is not taken into 
account.*” Considering the contact between the degenerate core of the dis- 
location pipe and the bulk semiconductor, a Schottky barrier layer width of 


_ [p+ ¥) 7!” 
mo La : 


where ¢ = dielectric constant = 16 (germanium), 
V> = diffusion voltage, 


(9.57) 


results. With V, = external voltage (V, ~ 10 V > Vp), this could give higher 
space-charge width values of the order of 
W,, = 10? to 103 

A correct model, however, must consider the voltage dependence, of the actual 
number of carriers in boundary states, which influences considerably the 
distribution function fy. Since the ratio of the actual charge density to the 
equilibrium density in boundary states is given by 

eral t(e) |=% 

—=s/1l+(1+—* me 

qo 2 ¢ fo (9.58) 
where fy = Fermi distribution function at equilibrium, 

¢ = barrier height, eV! 22 

we have an actual distribution: 


Ep 


AV bey] 0 


and consequently a space-charge extension: 


R=( 1+ (1 + eV,/p)!? a 
© \2ne(Na — N,){1 + expl(Ep — Ep){kT]}. 


fa5 [1+ 00 


(9.60) 
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With higher external voltage values V, and a barrier height of a fraction of an 
electron volt, the R values can also be considerably in excess of Iu. Direct 
measurements of the barricr-layer width of grain-boundary junctions confirm 
the larger values. Local changes in work function of germanium and silicon 
due to dislocations have been measured by J. Lagowski® that show a space- 
charge extension of a fraction of a millimeter.?* 

More precise are double-probe potential measurements of the higher con- 
ductance parallel to the grain boundary that give values of W, ~ 60 met 
a value in agreement with the space-charge width in Figures 9.20 and 9.21. 

The inner core of the space-charge pipe is a highly conducting path within 
the crystal due to wave function overlap in dangling bonds.***?* This explains 
the inconsistency in Lagowski’s work?® and why he did not measure an 
increase in work function at a dislocation site, but rather a reduction in the 
surface potential. 

A scratch on the semiconductor surface shows as a similar lattice distur- 
bance under lateral fields (see Figure 9.21). The extension of the barrier is in 
accordance with the calculated space-charge extension. 

A reverse bias situation appears on the scratches in Figure 9.2]. In the 
disturbed-lattice model of the semiconductor surface, the scratch position is 
important for the direction of unsaturated scratch-disrupted bonds and results 
in different lateral charges (see model in Figure 9.23).?® 

In compound crystals like GaAs, the polarity of the lattice complicates this 
situation, but the essential features of an edge dislocation remain the same. 
There are different possible core charges, depending on whether an « or a Bsur- 
face is being cut by the slip vector and depending on the doping (sce Section 
8.5). The edge dislocation pipe with the space-charge cylinder also forms, and 
highly conducting sheets are present at both sides of the boundary** H. C. 
Casey, Jr.,?° has argued that, in his recombination radiation experiments, 
the white regions surrounding the black dislocation spots (3 to 6 « size) are 
so wide (10 to 50 y size) and bright that this must be caused by “* more than 
just the line associated with the extra half plane of atoms.” The total spot 
sizes of the dislocations shown in Figures 9.20 and 9.21 are of the size of the 
dark spots in Casey’s recombination pictures, and the current signal used in 
our case tends to localize the effect within the direct space-charge area. In 
Casey’s case, however, the very wide, bright regions surrounding the disloca- 
tions are coincident with etch-pit free regions around the dislocations at the 
preferentially etched surface. It seems, therefore, that these areas are either 
strained or contain precipitates (tellurium atoms) of the dopant that introduce 
energy levels suitable to radiative recombination. Although in Casey’s experi- 
ments, the bright areas are due to a high radiative recombination efficiency 
1, in our experiments the bright spots are those with a low radiative recom- 
bination efficiency y,. Since y,=1—N,, we find for the nonradiative 
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Fig. 9.23 Distorted surface bond structure of [100] surface, 2a, = ay. (After Schlier and 


Farnsworth (28].) 
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recombination efficiency 


c ° hy 
~ Gp two if a(hexp — a) d(hv), (9.61) 


= 


where C-=constant 
n? = electron-hole density product at equilibrium 
T)» = nonradiative lifetime 
a(hv) = absorption coefficient at hy 
In this case (SEB) we expect n, < 1 for a high current signal, or the reverse, of 


Casey’s experiments. 


9.4 ELECTRONIC OCCUPATION OF DISLOCATION CENTERS 


The line of dangling bonds in the otherwise perfect crystal periodicity can 
be treated as isolated disturbance for charge carriers in the conduction-band 
continuum. 

The point charges of the dangling bonds, g,, are arranged at distances rj; 
in the lattice. r,, is given by the filling factor c, which is the ratio of filled to 
available free bonds. At room temperature it may amount to +. The total 
electrostatic energy of a row of charged lattice points is 


B= lT ha os) 
3 


w; is the potential function given by 


4i 
= —} 9.63, 
Ro kry ee 
thus we get 
1 % 
E,=> —, 9.64 
ae x 4 ay key i 


where k = material constant. 


This line charge in the otherwise perfect crystal structure is of the order of 
100 A wide. The electronic width of the space-charge cylinder may, however, 
be 100 times wider. Assume that a function f of all available dangling bonds 
has been filled with a second electron and has formed double dangling bonds: 


(9.65) 
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where c = spacing between dangling-bond levels, 
a = spacing between filled levels; 
for example, a = 10c at 300°K and f = +5. 


Defining the electrostatic energy per added electron 
E,= E(f) 
and assuming a uniform space charge of density 
p=e(N, - N,), 


Read has derived an expression for wos 


eR 
E,= ie (in eae 0.866) (9.66) 


see (8.22) and (8.28). 
e*/ke is the interaction energy Ep of electrons within the line charge— 
see (9.64)—(k =dielectric constant; germanium: k = 16) and can be written 


&, ia (9.67) 
Here: 
f= cnR*(Ny—N,) See (8.11). (9.68) 
We define: 
fe = cn'3(N, —N,)!3, (9.69) 


the distribution function f, where R =a, or when the filled levels are as far 
apart as the width of the space-charge radius. 


We have then: 
3/2 
(f) = RN, — N,) 
or: 
f\2 oR 
Cee 
and with (9.66) 
me 
E,= fb o(5 In ae 0.866). (9.70) 


According to the Fermi distribution the free energy per site is 
STE — Ep + E(S)], (9.71) 
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where Ep =dislocation acceptor level measured upward from valence band 
edge. 


Minimizing (9.71) with respect to /would mean 
d 
E*(f) = Ep — Ep = Tf SESS). (9.72) 


In the range where (9.66) is valid, , is approximately linear in f. Therefore, 
the electrostatic energy /E, per site varies as f?, and E* has the same form as 
E,. This leads to 


aif f 
Ene = (3 int — 0.232), (9.73) 


a form also given by Read. 

Logan, Pearson, and Kleinman® have plotted the fraction ¢ occupied by the 
space-charge cylinders as a function of temperature as given by (9.30) and find 
that for a dislocation level of Ey =0.179 eV the measured curve (see Figure 
9.11), can be fitted very well. Accordingly, they conclude, ¢ is in the range of 
0.1 to 0.2 at room temperature. 

Tt has to be considered here that the uncertainty with respect to the dis- 
location level is real. 

There is no doubt that thinly distributed dislocations form lower-lying 
levels than more densely packed dislocation pipes. On merger of the individual 
space-charge pipes, other energy levels arise, particularly one which is located 
farther away from the valence band, as we shall see later. 

Logan, Pearson, and Kleinman also point out the difficulties in counting 
the dislocations from etch-pit patterns and in assessing the value for ¥ = 
J/ly, where J is the mean free path without dislocation, /) the mean free path 
with dislocations. 

Using the relaxation time t according to deformation-potential theory, 


=e 


~ v(E)’ 
where v(£) = energy shell velocity = (2E/m*)'/, 


£ =clectron energy, 
m* = (mymzms3)'/> = density of state mass, 


there is a question of the correct effective mass values due to band deformation 
by the stress fields of the dislocations. 

In general, we assume a dislocation level of 0.2 eV for a dislocation density 
in the range of 5-107 cm~? ~3.5+ 10!! em73, 

So far we have applied Fermi statistics for the function f. As Read noted 
already, a closely spaced line of acceptors, however, cannot be governed by 
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Fermi statistics. Read has compared the different methods of deriving /(T) 
(see Figure 9.24). The different curves for S(T) relate to Fermi statistics (F), 
Boltzmann statistics (B), harmonic oscillator approach (H.O.), and the min- 
imum energy (M.E.) for E* = Ep — Ep. 

There are several regions for f =c/a because of varied spacing a between 
filled levels. In form of the interaction energy (9.64) or the electrostatic 
interaction 

SE 


we can define several regions, depending on the ratio of interaction energy 
between neighboring electrons in dangling-bond sites and the thermal energy: 


q) SE <kT, 
2) SEy < kT, 
3) SEo © kT, 
(4) SE > kT. 
a T T T 
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Fig. 9.24 Dislocation occupation factor (filling or distribution 
function) f(T) for different statistics: f— Fermi; B — Boltzmann; 
H.O. = harmonic oscillator; M.E. = minimum energy. 
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In case 1, the spacing between filled sites is large (or the temperature high) or 
the dilution of electrons in line bonds is high. This case can be treated by 
nondegenerate Maxwellian statistics. A minimum-energy treatment may be 
applied such that f can be approximated by 
a Ni Ny 

fe J k in( 7 ) aT. (9.74) 
Read has shown that this treatment can best account for the case of low tem- 
perature. For case 2, Fermi statistics are applicable, since here f is already 
large enough so that the W ways of arranging N electrons over the sites have 
approximately the same energy. 

Other solutions lying between the Fermi and ME (minimum energy) solu- 
tion are the Boltzmann approximation and the harmonic oscillator approxi- 
mation.” The results show that the filling factor f should at best be around 
10~? at room temperature for reasonable values of the added free energy. In 
reality, much larger values are measured. Although in a normal Fermi dis- 
tribution 
im 1 
© 1+ exp (—AE/kT)’ 


where AE = Ey — Ep ~0.3 eV (for germanium), 


f (9.75) 


one would get a limiting value of f = $; measurements of fin the case of grain 
boundaries with lateral bias applied give higher values. 

Cases 3 and 4 above therefore apply to low temperature but also to high 
dislocation density and high bond occupancy. If in the case of close spacing 
lateral overlap occurs, the degree of degeneracy apparently can be increased 
by space-charge widening (lateral bias). In the extreme case of increased 
occupancy to the point a=c, or total wave function overlap, there is a transi- 
tion from discrete energy levels to an energy band with f being the average 
number of energy quanta per electron available. In such a case we could 
conceivably suppose that a Planck distribution in electron states applies and 
that 


1 y 
exp(AE/RT — 1) ~ 1+ (AE/KT) —1 
for AE small. Assuming a Fermi function for the filling factor gives 
1 
1° Ty expl, — ENT’ 


where E, =dislocation level, 
Ey =Fermi level. 


= kT/AE (9.76) 


(9.77) 
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The space-charge cylinder around the dislocation array depends on I/a the 
inverse spacing between filled levels. Therefore, one defines 


nR*(N,— N, (9.78) 
with decreasing spacing between filled bonds 
2m a (9.79) 
~ na(Ny — N,) 


increases. Replacing a =¢/f and introducing (9.77) into (9.79) yield the radius 
R of the space-charge cylinder: 


R= [me(Ny— Nq){1 + exp[(Ey — Ep/kT]}"2J- "2, (9.80) 


Typical values for n-type germanium (N,— N, ~10'S cm™4) and S = ty at 
300°K lie between 10~* and 1073 cm. 

The radius of this space-charge cylinder is large compared with a, the mean 
spacing between filled levels, and even compared with the mean spacing 
between excess donors in the bulk for ordinary doping ranges: 


(Na — N,)7 4? & (105) 3 = 1075 om. 


In degenerate material (>10'° cm™*), the impurity atoms would be 10 
lattice constants apart (10'cm™* corresponds to 2.2 x 10°cm=!; with 
a=5x10~*cm interatomic spacing there would be 10 lattice constants 
between impurity atoms). This density would compete with the density of 
filled levels in the grain boundary and eliminate its electronic features, 
because: 


1. Bulk conduction competes with conduction along dangling-bond levels. 

2. No measurable space charge and thus barrier layer can be formed, since 
degenerate material decreases the effective space-charge width to tunnel-type 
barrier widths. 


Another aspect is connected with the space-charge formation. This is the 
increase inf by an applied external voltage. If qo is the equilibrium number of 
charges in boundary states, and q the number of charges under bias V,, 


+ 3) al (9.81) 
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(for derivation see Section 11.2). This changes the space-charge cylinder radius 
to a value 

Re 1/2[1 + (1 + eV,/p)'/?I\ 1? 

sa en(Na — Na) : 

Considering now the whole grain-boundary plane as superposition of space- 

charge cylinders in a planar envelope, one can define a filling factor f” per- 
pendicularly to the pipes with a spacing 
b 

D=——_, 

2 sin(0/2) 


(9.82) 


(9.83) 


where b = Burgers vector 


(see Section 4.2), between free bonds. Thus, the spacing between filled levels is 


D 
a=. (9.84 
F ) 
The area state density in the grain-boundary plane is therefore 
pee -2 
No=5- 5 om. (9.85) 


For 0 >1°, the distance D approaches 6, the Burgers vector, which is equal to 
a lattice translation vector for simple cubic cases and therefore nearly equal to 
c. Under applied external voltage V,, both fand f’ depend on V,, as indicated 
by (9.81). Therefore, the area state density is given by 


f:f' _ Wi+0+ev./o)'?7? 
Ao 2a Se oe 
fand f’ being equal for medium-tilt angles, 


Np (9.86) 


Np& com7?, 
With f~ 0.1 and b ~5+107® cm, we calculate 
Np =~ 4 x 10!? cm=?, 
or, on a volume basis, 
Np = 8 x 10'® cm=3, 
This is a near degenerate density and explains the high conductivity and the 
degenerate behavior of these grain boundary planes (or pipes): 


pa has lis (1494). (87) 
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According to (9.87), the filling factor can reach values in excess of 1, and the 
state density Nj is for f= 1 


Nb =8 x 10?! cm-3. 


This explains why even in degenerate bulk crystal material with an impurity 
density of 10'° cm~3, grain boundaries still constitute high-conductivity paths 
and form a space charge. There are then roughly 10 dislocation charges per 
impurity charge spacing even in degenerate material. 

We may infer from the knowledge of the behavior of degenerate semi- 
conductors that a strong temperature independence of resistivity and mobility 
occurs. The flatness of the p and Hy Curves versus T has been observed earlier 
by E. M. Conwell° for degenerate germanium and silicon crystals and noted 
as the disappearance of the distinction between impurity levels and conduction- 
band levels. Total wave function overlap is the criterion for this kind of con- 
duction phenomenon. 

The resulting questions concerning the space charge, the barrier height, 
the magneto-resistance, sheet conduction and mobility, and the like, are 
treated in Chapter 11. 


APPENDIX A9.4 ELECTRONIC TRANSPORT ACROSS DISLOCATION 
COULOMB CYLINDERS 


In carrier-transport problems across such a line charge, the free carriers 
originate in the space-charge region in the perfect crystal and penetrate the 
dislocation line in a form that can be derived froma solution of the Schrédinger 
equation for an allowed energy band deformed by a perturbing potential, 
namely, the grain-boundary potential V(x, y, z). Using Slater’s procedure,*! 
the wave equation 


h? 
VAs — 5 (Cx 9, 2) + Vx», 2 = — By, (9.88) 
where V,(x, y, z) =periodic potential, 
£ =total energy, 
h = Dirac’s constant = i 
2n 


can be solved for the one-dimensional case by a wave function 


Vx) = z dO)a(x — x4), (9.89) 
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where a(x —x,) are the Wannier functions?’ defined by 
ipx, 
ae — x) = exp(5) - Yolo, 2. (9.90) 
P 


Thus the solution of (9.88) as a function of the effective momentum p and 
space coordinates x 


HP®) =F 5) E volo sexo (*) (9.91) 


represents a superposition of Bloch functions with 


9%) 


as coefficients for amplitude and phase of the wave functions in the neigh- 
borhood of the k-th atom that have to satisfy the condition 


Eon (x) + V(x)b(x) = E(x), (9.92) 
with the operator 


(9.93) 


which replaces E,(p) in the unperturbed case. 
WBK solutions of (9.92) are possible *?* “*if one defines Eo(p) as a periodic 
function of p of the form 


Eo(p) = Eo(—p) = 5 bs cos 7 = ep" (0.94) 


where b, respectively c, are constants that depend on the specific form of the 
periodic potential V,(x). a is the lattice constant. 
With (9.93) and (9.94) equation (9.92) can be written 


x a( =) 600 + V(x)h(x) = E > $(x). (9.95) 


This infinite-order operator equation can be solved if one defines a periodic 
perturbing potential function P(E—V) depending on V, the perturbing 
potential, in the form 


E-V=Yc,P". (9.96) 
If a function P satisfies (9.96), so does +[P + (2mnh/a)], m =0, +1, +2, etc. 


And since the perturbing potential V depends on x, P is also a multiple-valued 
function of x. 


| 
| 
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E-V(x)=Y ¢,P%). (9.97) 
7 


The solution of (9.95) can then be written 


(x) = (5) aa ox [Pe as]. (9.98) 


C = integration constant. 
In the case of a distorted band, for example, by a line of broken bonds as 
here, the general function satisfying (9.97) can be written 


2mnh 
a 


P(x) = + p(x) + 


(m=0, +1,...). (9.99) 


This gives the solution corresponding to (9.98): 


1/2 
$x) = (%) exp + i fre as] eam (9.100) 
Now we have 
dV /dp = —XE — V)/dp (9.101) 


and in the perturbed crystal the right side of (9.101) represents the local veloc- 
ity value of the Bloch wave 


HE — Vy/dp = v(x). (9.102) 
This leads to a modified equation (9.100): 


c 5 
o(x) = imor? exp] + i f p(x) dx + meni] 


5 (9.103) 


as solution of (9.92). Both are equations of infinite order. Considering only 
solutions at certain lattice points of interest, one may write (9.103) also simply 
as a linear combination of two functions: 


c i 
00) = aya exp| 4 . i) dx]. (9.104) 


With the modified local velocity of the wave package according to (9.102) 
and (9.64): 


d 1 % | 
=—/E--— =— 9.105 
1%) = [ 3y%,d, key. (9.105) 


at the dislocation array we get the solution 


Cexp( + ; foc dx) 


(x) = ————_———_—_... 
le-25%,2,25]) 


(9.106) 
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One sees immediately that without a perturbing potential or V(x) =0, 
p(x) = constant, v(x) = constant, (9.104) leads to 
(x4) = ce!" + 2 eo 1PM, (9.107) 
a linear combination of two independent Bloch waves. 
With the perturbing potential, the local velocity of the wave package depends 
strongly on the form of the disturbance. For some specific examples, the 
grain-boundary electrostatic energy E = } )) ¥,q, can be evaluated, as we have 


seen, and solutions of (9.106) can be considered. 
In a general time-dependent Bloch wave, functions can be modified to 


include the perturbing potential energy: 
1 
E=3D va, (9.62) 


the result being 


Yolsst) = upsexe| = (E ~ E,,)] = up sdenp| = (5 vias ~ £,.t) 
(9.108) 


where u,,(x) = lattice periodic amplitude function. (Compare Chapter 2, 


page 19.) 
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9.5 DISLOCATIONS AND NONRADIATIVE RECOMBINATION 


This section is confined to the case of statistically distributed and sufficiently 
separated dislocations. This means that the spacing between individual dis- 
location pipes is larger than the pipe radius. 


dp>R 
(see Figure 8.14). The case of dislocation clusters, lineage, and low-angle 
boundaries is treated in Chapters 10 and 11. We start our considerations 


with the barrier layer around the dislocations, which is at the root of all 
problems of recombination and trapping. 
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S. R. Morrison** has shown that discrepancies with the Shockley-Read 
theory of recombination for the case of the slow decay of injected carriers can 
be explained on account of the space-charge model. In this case there is no 
need to postulate unknown deep-lying traps. 

If we start with the basic concept, as outlined in Figure 9.25, we can express 
the barrier potential $, by integration of Poisson’s equation: 


Po, 2p 
ae ee C18) 
*h 
210-3 cin 
fa 
Ao Sa 
{ 
Sie eo |e @}_ 
cote f @ © mobile electrons 
‘i aE 
bs fod ® mobile holes 
lo tT @ 
vanes H 
— a 
210-5 cm | @ 
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harge ‘ 
eee a 
10-4 cm 6) 
-107* om 


Fig. 9.25 Dislocation space charge pipe model. 
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where p = radial charge density due to dislocation array: xR? « p = e/a, 
@ = dielectric constant; R = dislocation space charge radius. 


Forr<R 
$6) = 2 (R=), (9.110) 
where Ro = integration constant determined by continuity of ,(r) at r = R. 
Forr>R 
mpR* +Na/2 dz 
= ——— O1LL 
d= I ce (9.111) 
(see Figure 9.25), 
= mpR? fz [ () tas 
$o(r) = 2 Ink= + | + (= . (9.112) 


z along the pipe axis is measured in charge number N times the linear spacing 
a: 


2 
$67) = En (9.113) 


Considering the dislocation array as a line charge and evaluating the barrier 
potential at some small distance 2 from the array, one may express the 
barrier height ¢ also from 


dv p 
0 = Sar 
as 
p R 
V=- ns, (9.114) 


as did S. R. Morrison.*! Here p= eNg and Nz is the number of trapped 
electrons per unit dislocation length: 
2 f£ 1 
Np=aNpR?=N-o=N-. (9.115) 
Electrons with sufficient energy can penetrate the space-charge cylinder and 
remain trapped. The capture rate R, times a lifetime constant z, can be approx- 
imated by the sum of the quantum states with energy in excess of a value aVo: 


Ret =n ¥ exp é, (9.116) 


$2aVo0 
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where « = e/kT, 
Vo = equilibrium value of potential. 


Equation (9.116) can be replaced by the integral with the limits «Vy aV: 


av 
R.t,=n[ etdé (9.117) 
“aVo 
eV 
= NOXP Tp No XPT (9.118) 


¥- 
Introducing the expression for the barrier height ¢ = * (9.114), one has 


Retz nexp e (-£n) ~ nex 5 (- £2 In), (9.119) 


kT \ 2x8 A, 2ne ), 
Since p = eNz, 
Rtn exp(—YNg) = no exp(—YN go) (9.120) 
with 
e 
= Tar FZ (9.121) 


Morrison relates the distance 4 to the electric wavelength (y is of the order of 
10-7/kT [cm], when kT is in electron volts) no the equilibrium number of 
electrons as well as the actual number n are also fractions of Ne, but since 
YN, > 1 (for T < 300°k), the exponential factors vary more rapidly, and 
(9.120) can be assumed correct. 

For the hole capture a similar expression is derived: 


Ry t, = P — Po exPLY(Neo — Ne)], (9.122) 


where p = hole density, 
Po = equilibrium hole density. 


Here the assumption is that no holes are trapped in the dislocation level 
(not valid at low temperatures) and that the capture cross section is indepen- 
dent of the dislocation level, which varies with the barrier changes. With these 
assumptions one may relate <, and t, to the Shockley—Read'? lifetimes 
Tho and t,, in n-type material, or t,, = t,, Spates Ts 

From (9.120) and (9.122) we can derive 


P+ No(—YNe,) 


SPIN) py expN)? 


(9.123) 
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assuming that in steady state R, = R, and that t,~t,. Using (9.123) to 
calculate R, or R, from (9.119) and (9.120) leads to 


ol eer 
t/ n+ po exp(yNz,) 
= "2 [exp(—yNe.)ILeXP(ANs)—1] for ny > p, (9.123) 
where Ap = p — po, 
AN; = Nz, — Ng, which is positive for injection in n-type material: 
n= no is valid for t, = t, 


As Ap’ holes are injected, they distribute over the available dislocation levels 
and the valence band: 
Ap’ = Ap + Np ANg, (9.124) 


where Np =dislocation density cm~?. 


An excess conductivity Ao =epAp is due to Ap’ electrons going to the conduc- 
tion band to neutralize Ap holes going into the valence band: 


Be 2Ap + Np ANg. (9.125) 
eu 
Combining (9.125) with (9.123) gives 
t dAo yao 
ar = Mo exp(— Ne) (exp 257 — i). (9.126) 


where Np AN, > Ap is assumed. 


Equation (9.126) shows that the decay is not simply exponential in this case. 
If, however, NpAN; < Ap, the simple exponential decay (Shockley-Read) 
follows. Morrison concludes from an evaluation of the temperature at which 
the slow decay should go over into a fast decay that his model accounts for 
dislocation recombination. In fact, above 200°K the slow decay leads over 
into the normal (exponential) decay, in agreement with measurements by 
Fan et al. (see Section 11.2) 

Another interesting fact is that measurement results of photoconductance 
versus illumination level can be interpreted with this model, leading to a 
correct value of the barrier height: 0.3 eV (experimental 0.27 eV). Also, the 
absence of the slow decay in p-type material follows from the barrier model, 
since no space-charge layer of significance can form in predominantly p-type 
material (case of germanium). 
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Refinements of this theory are mainly concerned with the temporary trap- 
ping of holes at low temperatures or the peculiar hole conduction within the 
space-charge pipe. Figiclski** has applied Read’s potential expression 


a Lea ay 
$o= -££(snt—123), (9.127) 
where f= filling factor, 

Se =3/n(N, = N,) 


(see Section 8.4), which is valid at the lieu of one electron because of all other 
electrons and the positive space charge, using a model of electron capture, 
neglecting tunneling through the barrier and eventual stress-field and Cottrell 
atmosphere contributions. Expressions for the net rate of electron capture 
R, and hole capture R, are then 


Ree feam(l— f)—aNe- fk (9.128) 


N, 
Ry = Lene f — ANCL $0, (9.129) 


where N, =donor density in bulk, 
a =spacing between occupied dislocation sites, 
¢e =probability per unit time that electron will be captured by 
available site, 
ce =probability that electron will be emitted from site into con- 
duction band, 
Ch» €, =same for holes, 
f =distribution function, 
Ny, Py =electron, hole concentrations at the dislocations (within, 
space charge), 
N., Ny =conduction, valence band densities. 


The electron and hole concentrations at the dislocation are 
eg 

n=n exp(- #). 

= ( <t) (9.130) 

Ps = P exp! kr)’ 


as expressed by the barrier potential ¢. 
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In thermodynamical equilibrium R, = R,, and therefore one has, from 
(9.128) and (9.129), for the emission coefficients 


oa fetal = f) 
rn Neto” 
a= £n Poo fo . 
NA1 — fo) 
Since fy < 1, one gets, with (9.131) introduced into (9.128) and (9.129), 
ceNa aa -f)- =i 
a fo 


(9.131) 


(9.132) 
Ry = Ey fF — pyoll - SP) fol. 


These rate equations for dislocation capture are then modified by introduc- 
ing An =o —n, Ap = po—p, Af =fo—f, Ab =o —$ =nbo; B= e/kT 
4 
n= z is called the trapping level. 
0 
Therefore (9.132) takes the form 


Ry = 72M expt — Bolt — ILI ~ (1 — mexe(— Ado] 


(9.133) 
Ry = POF N exotpg a(t — |i + 22) — - exe}. 


At steady state R, = R, = G (rate of cides generation per unit 
volume), (9.133) can be solved to yield an expression for Ap: 


eee cL eee bad sg faten iu 
sep oe 2Bbo(1 — n)IE1 —(1 — nexp(—Boon)]). (9.134) 


From (9.134) and the expression for R, (9.133) one can derive a relation 
Ap=G-t%, (9.135) 
where t, can be defined as a stationary lifetime of holes: 


= AexPL= Aol =m] 
efoNA 


Equations (9.133) and (9.135) are the basic equations for the steady state. 


(9.136) 


9.5 Dislocations and Nonradiative Recombination 229 
They can be written 


G = box [— f6(1—n)]E1-(1 =n) exp (—Boon] (9.137) 
1, = 2 eRPL Abo = 1) 
th fo Nal =) 


From (9.137) 7 can be obtained as a function of the generation rate G at 
different temperatures. ($9(T) is assumed to be known.) Thus 7 = f(T) ¢ «const 
is obtained. Subsequently making use of the (T) relation, one can find the 
temperature dependence of the hole lifetime t, from (9.138). 

If a crystal is subject to homogenous illumination, the conductivity change 
Ac can be written 


(9.138) 


Ao = e[aniu. + My) + Af Me 1]: (9.139) 


The first term on the right describes the usual photoconductivity of electron- 
hole pairs, and the second term describes the contribution of those electrons 
which compensate for the excess charge of holes trapped at dislocations. 
With the relations y1,/u, = 2, equation (9.135), and = Af/fo, one obtains 


N, 
Ao = en4| 1.56%, +fo oi a}: (9.140) 
Introducing the dimensionless values 
Ga T° ON, 
* d th nN 
S CeNg Na ” ee a 


leads to an expression for the relative conductivity change: 


Ao _1,5G*t¥ce, Ny 
Se a fe Oe ie 9.141 
= alo fo mae (9.141) 


which allows one to compare measured values of Ao for different intensities 
with calculated values of n(G*) and n(t*). 

Good agreement with experiments is obtained for the 7 =(G*) function 
when the calculated relation for 125°K is compared with a monopolar electron 
photocurrent in plastically deformed germanium as a function of light 
intensity. 

Figielski points out that, in the case of inhomogeneous generation, the 
assumption of a mean carrier diffusion length is a problem, since carrier 
diffusion occurs preferably along dislocation lines. A hole is transmitted 
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easily along the inner pipe, accounting for more and more of the carrier 
transport as the temperature is lowered (see Chapter 11). 

Another problem is the behavior of the coefficients ¢, and ¢, as well as ¢, 
and ¢},, which define the sticking and emission probabilities, respectively, for 
electrons and holes. 

Figielski assumes temperature independence of these probabilities. In com- 
paring the measured values in photoconductivity measurements with equations 
derived for the barrier-dependent capture rate: 


C&C, ~ 4 x 1078 sec™! cm’, 
Werthein and Pearson*® find that for their lifetime law 
t= N5' 


and dislocation densities around Ny ~ 107 cm~? the capture time is 
~7x 1078 sec and the capture radius is 3.4 x 10~® cm (or capture circle 
3.3 x 107'S cm?) at room temperature. 

For this dislocation density the capture rate of c, ~ 4 x 10° sec™! cm> 
corresponds to 400 sec™! per dislocation. Figielski points out that a disloca- 
tion represents electronically a giant center extending over a number of inter- 
atomic distances and that such a system depends very much on its charge 
state. The number of electrons per unit length of dislocation may continu- 
ously change from zero to a value of the order of 10°, depending on the space- 
charge field (barrier height and its quasi Fermi levels). Therefore the capture 
rates of electrons and holes depend on the electrostatic potential at the barrier 
height of the dislocation line. The behavior of such defects as recombination 
centers (high temperature) and trap centers (low temperature) are intimately 
connected.*° 

A theory for giant traps developed by M. Lax** introduces the concept of 
excited capture or large capture radii due to excited states and gradual energy 
transfer in a cascade of one-phonon transitions. In this way the improbable 
higher or multiphonon transitions can be avoided. Lax was able to account 
for the enormous capture cross sections in the range of 107'* cm? to 107!? 
cm?, which were found experimentally for different impurities. The largest 
values found for p-type impurity centers like In and Ni in germanium (77°K) 
can conceivably be associated with lattice defects, a mechanism not to be 
excluded in all doping processes where diffusion or doping-induced defects 
are easily generated. Figiclski?*'** also assumes an excited state for the 
dislocation in order to explain the giant trap and recombination properties 
in analogy to the Lax model. 

The latter starts from the assumption that the cross section can be repre- 
sented by 


o(Eo) = [ 2nb dbP.(E, b)s (9.142) 
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where 6 = impact parameter (cross-section radius), 
P(E, 6) = probability that electron with impact parameter 6 and 
energy Eo, somewhere along its orbit, has effective captur- 
ing collision. 


Equation (9.142) is assumed to be at sufficiently large distance from the Bohr 
radius (classical treatment). Here we have to add that the Bohr radius for a 
dislocation is certainly larger than for an impurity atom. As described briefly 
in Section 2.4, Ref. 4 the nuclear charge number Z in the vacuum problem has 
to be replaced by Z.>,~1/e for a coulomb field of the positively charged 
atom—core in a crystal environment. The weakening of the coulomb field 
widens the first Bohr radius to a value 


1h? 
Zon m*e* 


a9 = 


(9.143) 


For ¢ =16 (germanium) 

Gy = 8.5- 10-8 cm. 
In the Schrédinger equation for the hydrogen atom, the Is eigenfunction is 
of the form 


ee 0 eee 
Wl) = -(~) enti, (9.144) 


vi 


This charge-cloud extension is confined to } of its extent within a sphere of 
radius 


2ay = 17+ 10-8 cm. 


Now the elementary cube of germanium, for example, has a side length of 
5.62: 10~* cm and contains eight atoms, and so the charge cloud embraces 


. -8\3 
(seo) = 925 atoms. 


Because the dislocation has a stress field, the ¢ value is even higher than 
assumed. In addition, the effective-mass value changes in the neighborhood 
of the dislocation, Under pressure the Ts valence-band peak shifts in a 
negative energy direction (see Chapter 11), increasing contributions from the 
low mass split-off valence band. In summary, the value of 1,000 atoms 
covered by the charge cloud of a defect is very conservative for dislocations. 

M. Lax’ treatment does not take into account a space charge as it is given 
in the dislocation case and cannot account for the fact that a dislocation has 
a large cross section for hole capture but is repulsive for electrons. Here 
Figielski** develops an interesting model for the “excited state of a disloca- 
tion.” Assuming overlap of the electronic wave functions in broken bonds 
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within an array or within a boundary (for small D values), one is led also to 
assume strong coulombic interaction among all electrons within an array. 
Figielski starts from the assumption of collective motion allowing for electro- 
static wave propagation along a dislocation line and uses a formula derived 
by W. T. Read?! for the energy of nonuniformity within a line charge: 


48 -Bo ys, {i . int)" i +), (9.145) 


eE(x) = a 


where Ey = e?/ec = interaction energy of electrons in neighboring sites. 
Since f = c/a, this may be written 


eE(x) =ax[1 + un)" “ |, (9.146) 


where « = (4.8 - e”)/ea®. 
Considering now a deviation 5x from the equilibrium position of the charges 
in the a = c/f occupied sites, one can write for the force 


dx)? 
F=—adx|1+ u.n(=) teed, (9.147) 
0. 
where dp = equilibrium spacing = ¢/fo. 
For a linear system the maximum frequency of oscillation is then 


na = (4) ue (9.148) 


which yields for m* ~ m, (free electron mass), for example, 
A@mpx = 0.078 eV 


for a dislocation with a = 4A at 200°K. Even if m* > m the energy hOmax 
exceeds AT at that temperature. Therefore an electron falling from the con- 
duction-band level into a vibrational dislocation level can lose all its energy 
in a single act, and one does not have to take recourse to M. Lax’ cascading 
process. If the electron is treated as an independent harmonic oscillator with 
the energy spectrum 


E=ha(n+}) (n=0,1,2,...), (9.149) 


where Wy = (a/m*)"/?, 
one can estimate the probability of the capture process at the dislocations. 
For the capture probability c, Figielski finds the expression 


Vv - 
cy SLAY oxy tHe + BeBe), 


7 (9.150) 
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where V = volume in momentum space (E, E + dE), 
bo = barrier height, 

Fermi level, 

Ey = dislocation level. 


This can be written 


Vv 
= LT exp — 2), (9.151) 


where @po fo varies for no more than a factor of 3 in the temperature range of 
100 to 300°K. 

Although ¢ fo = e?fo/ea, the energy of the coulomb interaction of neighbor- 
ing electrons on the dislocation line is of the order of KT, on the whole, 
ce changes only slightly with temperature, in confirmation of the earlier 
assumption. 

The question of the eventual contribution of barrier tunneling has been 
treated also by Figielski,?* with the result that the dislocation barrier is almost 
unpenetrable for electrons down to 180°K. We described his approach to the 
barrier potential earlier (Section 9.3). According to (9.56) the barrier potential 
can be calculated. The result for Np — N4 = 10'% cm~*, a= c/f=28.5A 
(or f = 0.14 for a distance c = 4 A of broken bonds), and Ep = 0.4 eV below 
the conduction band is plotted in Figure 9.26. 

According to the estimation by Figielski the contribution of the tunnel 
current to the capture process is small, where the potential barrier is lower 
than the energy W, defined so that the thermal flux due to all electrons with 
energies in excess of W is equal to the tunnel flux through the barrier. 

Down to 180°K (crossover point) no appreciable influences of the tunnel 
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Fig. 9.26 Electrostatic potential as function of dis- 
tance from dislocation line. 
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Fig. 9.27 Barrier potential height e¢o —; energy for which thermal 
flux of electrons equals tunnel flux through barrier-—. (W’) 


current can be seen. Where e@) > W (lower temperature), however, the 
contribution of the tunnel current to the capture process is felt (see 
Figure 9.27). 


9.6 DISLOCATIONS AND RADIATIVE RECOMBINATION 


So far we have not assumed that the electron energy on capture can be 
released also by way of photon energy. This process, however, is very probable 
specifically in the case of dislocations. There are several reasons for this. 

In a general way, the dislocation supplies the center for the isolated state 
in which electrons can be kept in an excited state. Such states, somewhat 
separated from the rest of the lattice structure, can bind electrons in a similar 
way to excited states in gases or similar to ionized impurities like copper in 
ionic crystals like ZnS.*” The fact that the coupling to the lattice by way of 
phonons is decreased makes these centers efficient for radiative recombination. 
It may be that such a recombination takes place in two steps with a non- 
radiative component for the transition from the valence band to the center 
or the conduction band to the center (see Figure 9.28). 

In distinction to homopolar semiconductors, like germanium, the II-V 
compounds like GaAs show a preponderence of radiative recombination 
because of the increased rate of direct recombination (Ak = 0) and the corres- 
ponding low lifetime of minority carriers. 

It is well known for example that in ZnS, the recombination light intensity 
is highest in areas of dislocations or dislocation arrays.*” At mid-band levels, 


9.6 Dislocations and Radiative Recombination 235 


K<I11> K<000> K4100> 


Fig. 9.28 Energy band of germanium. Direct (D and indirect 
® @ transitions. 


the dislocations are ideally suited for hole-clectron recombination with equal 
participation of carriers from valence and conduction band. Injection of 
carriers into the neighborhood of such traps or recombination centers leads 
to enhanced recombination either of pairs of carriers from both bands or 
from such midband levels as would serve as the intermediate steps in a cascade 
Process of a transition from the conduction to the valence band. Another 
reason for enhanced radiative processes due to dislocations is the space- 
charge pipe around dislocations. Here, as in a p-n junction, high local fields 
accelerate electrons until they gather enough momentum to excite other 
electrons into the conduction band. Finally, recombination takes place under 
release of surplus energy in form of radiative energy hy. 
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The lateral wave-function overlap of the dislocation levels within the arrays 
and the unusually strong longitudinal conduction for holes contribute to 
carrier transport parallel to the dislocations, and a transverse electric field 
increases the number of bound electrons and enhances the space charge (see 
Chapter 11), and finally increases carrier recombination within the space charge 
while carrying more current along the pipes. 

In Figure 9.28 the possible processes within the band structure in k space 
have been plotted for germanium. The hole transition © from the [000] peak 
of the valence band permits an electron transfer from the conduction band 
into the dislocation level or levels with radiative output hv corresponding to the 
level used because of the possible wave-function screening or excitation in 
this level. This direct transition, therefore, has become more probable than 
the indirect transition of a valence band electron @ to the dislocation level and 
simultaneous release of a phonon k - 0;, or the phonon-assisted process @). 


Fig. 9.29 Energy band around space charge cylinder and radiative recombinations. 
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Therefore, the recombination light also in material like silicon and german- 
ium emanates preferentially at dislocation sites or grain boundaries.?® Here, 
as in p-n junctions, the high-field region at the space charge is furnishing the 
necessary carrier momentum for transitions and also the interband states (in 
most grown or diffused p-n junctions, the interface is also covered with a 
layer of dislocations).3® 

The situation around the dislocation space-charge cylinder is therefore best 
described by the scheme in Figure 9.29, Holes from the degenerate part of 
the valence-band peak move into dislocation levels, thereby forcing conduction 
electrons to move also into the space-charge layer under release of radiative 
energy hv corresponding to the difference in energy between conduction band 
and interband level. 

The Jevels in the gap or their frequencies y, emitted are not fixed and depend 
on the bulk material properties, the dopant, and the doping level. As the Fermi 
level moves up, the filling of the levels closer to the conduction band increases, 
and they begin to play an important role in the recombination process,*? 

Measured values for germanium are, for example, 
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5 x 10° 2.42 
2x 10'* 2.4 
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It is interesting for the explanation of semiconductor laser-threshold lower- 
ing and degradation studies that the light intensity emitted by the dislocated 
areas or the dislocation band is relatively high for low-injection current values 
and that the fundamental band exceeds the dislocation band in intensity only 
for very high current density values (see Figure 9.30), 

It is also seen that the efficiency of light conversion is much higher in the 
dislocation band. Only above 100 mA in this case the fundamental band ex- 
ceeds the dislocation band in light intensity. From this point of view, a 
dislocation plane junction should be a much more efficient light converter 
than a normal bulk junction. 

These findings were confirmed by Ivanov‘? and also by the fact that with 
increasing injection current the frequency of radiation moves toward higher 
values. 
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Fig. 9.30 Dependence of recomb, light intensity on injection 
current for N-type Ge sample (n = 5 x 10'* cm~4): @ funda- 
mental, @) dislocation band, (After Gippins and Vavilov [9.38].) 


Interesting work has been done on gallium arsenide where « and # type 
dislocations and their influence on the recombination radiation have been 
studied*", 

Samples of Czochralski-grown GaAs crystals were plastically deformed and 
p-n junctions introduced by diffusion along different crystallographic direc- 
tions, [001] and [110], thereby arranging the dislocations either perpendicular 
or parallel to the junctions. 

Prominent aspects of these light emitters were that « and f dislocations 
have opposite effects on the power characteristics with regard to their position 
in the junction plane (L or || to junction plane). 

In summary, «, dislocations resulted in higher light output and a, dis- 
locations in low output; f, dislocations gave a low conversion efficiency and 
B,, dislocations a high conversion efficiency. It seems, however, that the radi- 
ative conversion efficiency is highest for the «, dislocations. The difference 
in effect stems from the different core charges for « and f dislocations. The 
negative core charge of the « dislocation apparently builds up an efficient space- 
charge cylinder in 7-type material within the junction depletion region which 
enhances carrier recombination. The orientation dependence is an effect due 
to the different space charge and its position in the junction field. 
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To summarize the role of interband levels in radiative processes, we have 
plotted several processes in Figure 9.31. The possibilities here are: 


1. Lattice absorption of quanta resulting in conduction electrons and holes in 
the filled band. Migrating holes capture electrons from ground states of centers, 
thus emptying these and rendering them available for the capture of con- 
duction electrons and subsequent emission as the electrons make transitions 
to the center ground state. (Holes may also move to trapped electron sites 
and, by recombining with these electrons with nonradiative loss of excess 
energy, remove the possibility of these electrons’ reaching emission centers 
by thermal or other activation into the conduction band). 

2, Absorption of quanta in emission centers. Centers are emptied of electrons, 
but no free holes are created unless the temperature is high enough to raise 
filled-band electrons into the empty centers. In this case, the holes created 
may migrate to traps and remove the trapped electrons, Process as in 1. 

3. Absorption of quanta by filled-band electrons which are raised into traps. 
This creates mobile holes which can empty traps, as in process 1. Radiative 
recombination. 

4. Absorption of quanta in centers raising electrons to excited states. No 
mobile electrons or holes are created. Radiative recombination, 


These processes, among others, explain the occurrence of electrolumines- 
cence.*? 

From this general scheme, it becomes evident that midband levels, as in the 
case of dislocations, can be active as radiative recombination centers. 
The importance of the medial donor and acceptor states, stressed in Chapter 


Fig. 9.31 Four cases of radiative recombination. 
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2, is evident here, and the sequence of events can be assumed as in Figure 9.32 
(1) Impurity centers near the valence band, which are filled, are emptied by 
free holes. (2) These holes can be due to an excited state—for example, radia- 
tion excited—or due to field acceleration in dislocation pipes. Empty traps 
near the conduction band can serve as intermediate steps to the conduction 
band (3), and the subsequent filling of dislocation midband levels. Both transi- 
tions from the filled traps and dislocation levels are radiative transitions. 
(4). 

In a band-to-band excitation, as in a semiconductor laser, the energy for a 
number of electron transitions into trap or dislocation levels is supplied, 
and strong induced emission occurs if the relaxation-time relations for these 
Processes are such that, for example, t, > t;, a condition for laser action. 
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Fig. 9.32 Four steps in radiative recombination. 


Many properties of electroluminescent materials are understandable if 
one assumes the strong cooperative action of the dislocation midband levels. 
In electroluminescent powders, the high conversion efficiency has probably 
to do with the innumerable number of intergrain boundaries and their 
enhancement of the radiative recombination process. 

The picture of the grain boundary as developed later in the text will ex- 
plain a number of aspects of intergrain structures in electro- luminescence. 

Other phenomena, like triboluminescence, show as well that energy released 
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from dislocations can give rise to light emission. This effect, appearing when 
quartz is shattered or broken or when crystals are scratched, can be explained 
as follows: The dislocation boundaries formed during casting are the loci of 
stored electric energy. Their energy levels generally are filled with conduction 
electrons in the process. On release of the stress field and band rearrangement, 
these electrons migrate into lower-lying traps or fall back into the valence 
band under radiative energy release hv. 

It is generally a question of how the relatively high fields of 107 V cm™! are 
generated that are needed in electroluminescence to activate directly the 
emission centers in the crystal. 

With the assumption of the dislocation space-charge layers, it is easy to 
explain localized fields of this magnitude when the usual low voltages (typical 
10? volts) are applied to the material electrodes, since barrier layers around 
dislocations are of the order of 107° cm. 

In most cases of radiative electron-hole recombination, the simple mode 
of band-to-band transitions under consideration of the respective state 
densities and the application of the principle of detailed balance (see Section 
2.12) are not valid.** This is especially the case for higher electron densities 
at localized regions respectively for near-degenerate semiconductors. Here 
the simple consideration of two-particle coulomb interactions is not neces- 
sarily correct, since screening reduces interaction, Deeper band-tail states, as 
they exist in GaAs, usually used in recombination light-emitting diodes and 
lasers, cannot be considered to be in thermal quasi equilibrium, 

Especially at lower temperatures, the density of occupied states per unit 
energy can increase continuously into the band, so that the total thermal 
equilibrium carrier concentration becomes indeterminate, 

Southgate** discusses the numerous efforts which have been made to 
describe tailing in the density of states and at the absorption edge. 

Measured absorption and emission spectra in, for example, n-type GaAs 
have a tail involving states separated by less than the average band gap. A 
comparison of the spectra shows that the lowest energy states-about 5 % of 
the radiative recombination at 77°K results from these-are not in thermal 
equilibrium with the rest of the band. In emission from the bulk of a material, 
it is often these states which give rise to the majority of the externally observed 
radiation. 

If tail states are represented by small regional variations of the band gap, 
measured values of photoluminescence could be accounted for. 

Especially in degenerate material, gap shrinkage must be occurring. Con- 
sidering the radiative rate constant B in 
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a maximum correction for this effect gives a B that decreases with increasing 
degeneracy. 

These facts and the observed small temperature dependence of the absorp- 
tion tail slope point to a possible role of dislocations in band tailing. 


9.7 ELECTRONIC NOISE AND DISLOCATIONS 


Because of the importance of the electronic noise in semiconductor devices 
we add a short summary of the known facts as they relate to the contribut- 
ion of the dislocation to the electronic noise in crystals. 

Tt is now well established that recombination centers like dislocation levels 
have a strong effect on the electronic noise due to the generation-recombina- 
tion noise (g-r noise). 

Many different experimental results have been reported in the literature, 
seeming contradictory in some cases. This was due again to the neglect of the 
orientation of the dislocations with respect to the direction of carrier flow. 
If (majority) carriers are moving orthogonal to the space-charge cylinders, 
the scattering is maximized, as is the generation-recombination noise. Carriers 
are partially kept at the dislocation core after penetrating the space charge and 
are again released after a number of subsequent charge penctrations. 

This is generally expressed by the influence of dislocations on the mean free 
time t, of electrons. The current pulse generated by a free-moving charge 
carrier during its free time t, is 


torte q 
(p Tdt= Fp, Et, (9.152) 
to 
where q = electron charge, 
1 =length of semiconductor crystal, 
H, = electron mobility, 


£ = electric field strength = 


INS 


Thus the current pulse is proportional to the local field in the semiconductor 
crystal and the mean free time of the carriers. Dislocations, as scattering—and 
recombination centers, shorten t,, but, at the same time, they add additional 
current pulses. Although the noise current i? is linearly dependent on t,, it 
is quadratically dependent on the charge x velocity product, or 


P= (gH, E)?; (9.153) 


thus the more the number of individual charge movements increases, the 
higher the noise current i7, which is given by the sum of all Fourier com- 
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ponents from f to f+ Af: 

S+AF sin?(er,]2) 

——rzr af, 9.154) 

Senge 0158 
where C = crystal cross section, 

Ty 
rea 
Z = number of supposed current pulses 


No = mean electron density = Z 


(see, for example, summary article by D. Sautter,** where literature survey is 
also given). 

The effect of interband levels of either the donor or acceptor type on the 
noise current has been considered in the past, and so have the corresponding 
expressions for the mean free time and the mean square noise current. In the 
case of trap levels a Shockley-Read model is applied, and transitions from the 
conduction band to the traps (and reverse) as well as transitions from the 
valence band to the traps (and reverse) define the carrier density fluctuations. 
With two different relaxation times t, and t,, a mean square noise current 
of the form 


i 252 
rei [ a} (9.155) 


t2 
A 
P|" Tey tT ony f 
is obtained. 
Here g, and g, are functions of the noise amplitudes in the equations for 
the carrier density fluctuations.*? 
Generally, the frequency dependence of the noise current is of the form 


To 
F(f) = —_—. 9.156) 
re) 1 + (wt)? ( ) 
For wt > 1, the behavior is F(f) ~ I/w, and for wt <1, F(f) = constant. 
Here at low frequencies the 1/f noise has to be added, which, in turn, can be 
derived from a model with an even distribution of mean free times between 
the values t, and 2: 


Pe" Sy 9.157 
i ~ | 00) ap Ic (9.157) 
compare (9.155)—with g(t) as distribution function. 

Recently Yu, Jordan, and Longini** have made an extensive study of the 
noise behavior in the presence of dislocations (see also the literature cited in 
this paper). Parallel arrays of edge dislocations have been introduced into 
n-type silicon by plastic deformation in vacuo (950°C for silicon). The 
direction of the dislocation arrays was controlled optically (etch pits), and 
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conductivity measurements in a direction orthogonal to the pipes confirmed 
the reduced carrier concentration, according to Read’s model, by a factor 
(d-e). 


Here ¢ is the fraction of space occupied by space charges: 
e=nR?+d,, 


where R = space-charge-cylinder radius, 
d, = average dislocation density 


(see Section 9.2). Control samples were also measured in order to eliminate 
the influence of heat treatment during plastic deformation. 

It turns out that the drift mobility for current flow parallel to the disloca- 
tions is the same as in the control or heated samples, and the drift mobility 
for the perpendicular case is reduced by a factor (1 +e)~', as expected 
(see Section 9.2). 

The results of the noise measurements on dislocated samples show clearly 
that the 1/f noise is overshadowed at higher frequencies by the g-r noise. 
However, the frequency range can vary, and control samples sometimes also 
show g-r noise at frequencies as low as 10? to 10° cps. 

These authors developed a method to resolve graphically the total excess 
noise into the two components of 1/fnoise and g-r noise of dislocated samples 
(see Figure 9.33). 
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Fig. 9.33 Resolving total excess noise into 1/f noise and g-r noise spectra (106°C) 
19.43). 
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Tn many cases of such resolutions more than 2 &-T noise components are 
needed to arrive at the measured curves. This is due to the presence of several 
recombination levels. 

To analyze their results Yu, Jordan, and Longini used Van Vliet’s admit- 
tance functions** in the generalized Nyquist theorem. This theorem states that 
the spectral densities of the fluctuating parameters are 4kT/* times the real 
part of the admittance functions that relate forces and fluxes in a perturbed 
system. 

Starting with the assumption that the noise is due to fluctuations in e one 
can write for the mean square value of the current fluctuations 


Pp 
25 = (tm 2 
<(Alq)*) = ( zy an >. (0.158) 
Here <> denotes the ensemble average over all different AJ and AF. Fle) = 
(1 —e)/(1 +e) is the current factor due to dislocations (orthogonal case): 


In = Ip Fle) 
= [1 — 2)9(e) 


(see Section 9.2). A more physical interpretation of this assumption is based 
on the fact that dislocations distributed at random within a current path 
cause reflections of carriers as well as recombination and trapping (below room 
temperature). Since the effective ¢ for one carrier is changed when a space- 
charge pipe incorporates another charge carrier, the fluctuation in ¢ isa 
statistical coupling of several functional ensembles. This can explain why in 
some instances the noise current is proportional to a hi igh power of the sample 
current. Generally 


(9.159) 


P2cr?, 
where J, = sample current, 


but noise currents as high as 


Pacis 


have been found.** 

The explanation for the higher current power law can be found in noise- 
interaction mechanisms where one ensemble is impressing random variations 
on another.*7 

The exchange of carriers from the conduction band (1) with a dislocation 
level (3) in the gap, for example, can be calculated if one assumes a Boltzmann 
distribution in energy for the conduction electrons, The transition 


246 Anisotropy of Charge Carrier Transport 


probabilities are then 


Piy=kisn exr(—B0)(~ a) (9.160) 


P31 =k3iNem, 


where k,3, £3, = transition coeflicients, 
n= electron concentration at any instant 
n, = (d,/a)f, = total number of captured electrons in all disloca- 
tions d, cm75, 
a = distance of filled states along dislocations, 
J, = fractional occupancy (approx. Fermi distribution), 
N, = effective state density > n, 
Bo = ep/kT = barrier height. 
With the introduction of expressions for the barrier height of the space- 
charge cylinders (see Sections 8.4 and 9.3, for example,) one can derive from 
here the spectral density of the current fluctuations** as function of ¢, barrier 
height, and relaxation time t of the regression of a fluctuation An, toward 
equilibrium 7,9: 
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The expression for the spectral density in the orthogonal current flow case is 
then 
4I, ]?( ¢ t 
=| (po) 9.162) 
su [as] (ote,) Ter” ae 
where 0 = sample volume. 
The corresponding voltage noise spectrum is simply 
S.s(@) = Srs(w) + RE, (9.163) 
where R, = resistance of sample for current flow orthogonal to dislocations. 
The time constants for transition processes from the conduction band to 
the dislocation levels have the form 
(Boo) 
kia Mo Boo’ 


(% =n +n,), and for transitions from the dislocation level to the valence 
band (2) 


Tm = fro XP (9.164) 
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T, = exp (9.165) 
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The shape of the noise spectrum is the same for current flow parallel and 
perpendicular to the dislocations, but the noise is four times as large for 
current flow perpendicular to the dislocations. Yu, Jordan, and Longini did 
not produce measurements at low temperature in order to check the derived 
trapping case but based their comparisons on the higher temperature recom- 
bination case. The difference lies in the calculation of <(Ae)?) or the average 
fluctuation of the occupancy. In the recombination case 


_m _ Gilad, 


- a (9.166) 
and 
e= @u=n)+ pon (9.167) 


No 


and thus the fluctuation average is 
1 2 
(As)? = (=) {<(Ap)?> + (An)?> — <2(Ap\(Am)>}. (9.168) 


From here the spectral density of <(Ae)*) can be found, and, using Van 
Vliet’s method,**: *° the spectral densities for the various transitions Pas, 
P32, Py3, P3, can be derived. 

Yu, Jordan, and Longini compared theory and measurements by way of 
the temperature dependence of the noise amplitudes and the time constants. 
The agreement is fair, but the calculated noise amplitudes in a higher tem- 
perature range (T > 300°K) are too high compared with experimental results. 
The authors propose the explanation that additional holes can exist in the 
space charge that are not accounted for in the theory. 

But, in general the g-r noise can be explained in terms of fluctuation in &, 
which, in turn, is caused by fluctuation in the number of captured electrons 
in the dislocation sites. The generation and recombination of the captured 
electrons are treated in a similar way to that of ordinary trapping and re- 
combination centers (Shockley-Read) except that the concentrations of free 
carriers available for interaction are different from the usual bulk case bya 
Boltzmann factor because of the potential barrier at the dislocation. 

It is assumed here that in the trapping case, captured electrons communi- 
cate with only one band (conduction band) and, in the recombination case, 
captured electrons can communicate with both the conduction and the valence 
band. It is observed that to about 170°C only the recombination case can 
explain the temperature behavior of the time constants and near room tem- 
perature the trapping case gives the best fit. The I/f part of the noise in dis- 
located samples is accounted for by Morrison’s explanation*® in which he 
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considered the fact that for an array of levels, the trapped charge causes 
the existence of a potential barrier to further trapping of like charges and that 
a fluctuation in the trapped charge produces proportional fluctuations in the 
barrier height. 
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PROBLEMS 


Assume that the bulk conductance at the dislocation pipes is dominated by 
the hole conductance G,, and calculate G ~ G,, using a diffusion constant 
D, = 200 cm? sec~' and an average escape time f. = 5+ 107!° sec, as well as 
a pipe resistance per unit length of 


R= 10! Q/cm, 


Calculate also the pipe capacity C per unit length (note: t. ~ te = t,) 


Using C = D,~' + R-' as a pipe space-charge capacity, calculate C, and draw 
the representative scheme in Figure 9.2 with values. 

Discuss the effect of a dislocation pipe on carrier flow in a bipolar transistor 
structure, if the pipe is (a) arranged vertically across the collector space 
charge, (6) arranged parallel within the collector space charge. 

Discuss the limitations of the different scattering models for the carrier mobil 
ties x = co» R on account of the changes in Hall constant R and conductivity 
@ due to dislocations (c = constant = 3 - 10'° cm/sec). 

Calculate the mobility loss due to dislocation scattering in case C, Fig. 9.7, 
when the ratio of the mean free paths in the bulk with and without disloca- 
tions is x = [p/l = 0.2. 

Measure the space-charge extension in the different scanning-electron-beam 
photographs, and calculate the width using (9.53), (9.57), and (9.60). Discuss 
limitations of different models. 

Calculate the interaction energy Eo of electrons in a line charge in germanium 
using (9.64) and assuming an occupation factor f for a temperature range of 100 
to 150°K (see Fig. 9.24), Use different statistics. 

What is the area state density in a grain boundary (planar case) for germanium 
at 150°K (9.76)? 

Plot the change in filling factor f with the external voltage V, at the space 
charge according to (9.77), assuming a constant barrier height 4. 

Calculate the maximum frequency of oscillation (9.102) for a dislocation line 
charge with a distance a between filled states of 5 x 10-’ cm for germanium 
(e = 16 and m* =0.1 m.) Indicate the optical phonon wavelength and wave 
number. Which experimental setup would be used to measure this oscillation 
by spectroscopy (optical absorption)? 
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9-10. Discuss the different possibilities for radiative recombination due to interband 
levels (Section 9.6). 

9-11. Explain the typical frequency dependence of the generation-recombination 
noise. 
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Chapter 10 The Electronic Properties of 
Dislocation Boundaries 


10.1 LINEAGE BOUNDARIES 


The definition of lineage boundaries, as advanced in Section 4.2, incorporates 
the fact that some coherency energy between the edge dislocation arrays re- 
mains. We have seen that partially overlapping dilation and compression 
regions stabilize such structures. Even for distances in the micron range, 
where the tilt angle @ is below the minute of an arc range, some coherency (see 
also Section 7.2) is visible, but the lineage direction is easily changed in case 
of external forces, temperature variations, strain in the crystal, and the like. 

Because of this sensitivity of the lineage, small-angle misfit boundaries 
present themselves as curved structures in electron-transmission micrographs 
of thin-film semiconductors like silicon. If layers of a few 1,000 A are grown, 
for example, by chemical vapor deposition (using SiH, or SiCl,) on Al,O 
(sapphire), the nuclei misalignment, the lattice mismatch, and the mismatch 
of thermal expansion coefficients all cause a high dislocation density (see 
Chapter 14, Sect. 4), and transmission photomicrographs reveal a tremendous 
structural disturbance. Figure 10.1 shows two micrographs, one with 44,000, 
the other with 70,000 magnification, of a silicon-on-sapphire layer grown by 
chemical vapor deposition near the Al,O, interface. 

In the film taken with higher magnification the line structure is clearly 
dissolved, and some orientation of the line pattern becomes visible, 

Now considering a fine structure, as shown in Figure 4.6, the question of 
the electrical properties of this structure arises. McKelvey and Longini! have 
treated this problem by applying kinetic theory to the minority carrier flow 
across a lineage boundary. Relations for the recombination velocity or the 
transmission coefficient 7(= probability that a carrier does not recombine in 
an encounter with the array) are then derived on the basis of boundary 
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Fig. 10.1a Silicon on sapphire-clectron transmission photo- 
micrograph 44000 x, or 1 cm ~ 2.107 A. 


Fig, 10.1 Silicon on sapphire-clectron transmission photo- 
micrograph 70000x, or 1 cm ~ 10? A. 
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conditions for the continuity equation for injected carriers by way of the 
method of multiple reflections. Schematically the situation is such that incoming 
charge carriers (in this case, minority carriers) are transmitted (transmission 
coefficient 7’) or reflected (reflection coefficient R) (see Figure 10.2). 

The bulk reflection coefficient B expresses the probability that a carrier 
starting out from the lineage plane does not recombine as a result of processes 
unrelated to the dislocation array before returning to the lineage plane. 


Source 


Fig. 10.2 Schematic of injected carrier concentrations at a line- 
age boundary at x —0; driving field Zo; bulk reflection boun- 
daries B and B’, 


In more detail, the model assumes a diameter g of the cylindrical recom- 
bination area around an edge dislocation (see Figure 10.3). For a given angle 
of incidence 0, carriers initially in the shaded regions recombine. 

For |0| > |@o|, where cos 09 = g/h, there is no transmission of carriers 
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through the boundary. In this simple model the transmission coefficient T can 
be expressed in terms of g and h: 


+ al9 2g (: ( g? "} 
=i =) — = in\-|1 a 5 . 
iT oe (¢) eG + lta (10.1) 
In other words, T is only a function of the relations between the assumed 
recombination cross section g and the dislocation distance h. 


SN 
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Fig. 10.3. Transmission and absorption of carriers obliquely 
incident on array of cylindrical recombin. centers. (After 
McKelvey and Longini [10.1].) 
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The boundary conditions on the continuity equation that describes the 
concentration p(x) of injected minority carriers as a function of position x are 


then 


p20. 51P,(0), (10.2) 
op.0) 
p P20) _ 5, px(0), (10.3) 
P20) _ 
(0) (0) 
lim p,(x) = 0, (10.5) 
x70, 
where 
dk Vy T7B 4 T’B 
nadveft—2(e+ PE) /[i+te(e+ 22), coo 
a Vs vy 
nagh(i- 2 )/(r +2). (10.7) 


o-(; =a) ge »)/[: +22(r+ oF]. (10.8) 


V; is the mean thermal velocity and v + =4V;+4yuE). Ey=applied field. 
In all practical cases n = 1. If the recombination velocity s, is obtained 
by measuring bulk properties away from any lineage plane, the bulk 
reflection coefficient B can be found on account of (10.7). 

McKelvey? uses a two-point-probe measurement set to find the recombina- 
tion velocities s; and s, in (10.6) and (10.7). If the points are separated by 
undisturbed bulk material, s. is measured, and s; may be measured by 
arranging the sample so that the lineage plane falls between the two measuring 
point probes. Minorities are injected at one point by light. The two points are 
arranged at 0.15 mm distance for measurements of s, and the carrier diffusion 

ength L is measured with large probe spacings (1 to 2 mm). 

Starting from the continuity equation for a long sample of uniform cross 
section (one-dimensional carrier-flow conditions) and arrangement of the 
lineage boundary perpendicular to the carrier flow (steady-state condition), 

@p_ wE opp OP (10.9) 


ox? D dx BO 
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where D = diffusion constant for minority p = minority carrier density 
carriers, 


L = diffusion length in bulk, = mobility 


we arrive at the solution 


p(x) = Cy exp *** 4 Gx exp, (10.10) 
where 
Ye = 7 (9? + 1)", 


HE) L (10.11) 
2D 


In the trivial case of no boundary, R= 0, T= 1, and thus SL=%,n= 1. 
In this case the concentration of injected carriers is of the form 


W(x) = Po exp =, (10.12) 


With two probes at points x, and x, outside of the lineage region one can now 
measure a ratio 


Ka PD ex y-@1 — *2) 


10.13) 
m2) L ay 
where x, — x, = d = distance between probes: 
d 
Ink =" [G7 +1)'? 9), (10.14) 


Substituting now y from (10.11) into (10.14) and solving for ZL and noting that 
H/D = eo/kT, we have the expression for the diffusion length 


Sift 
L=afin K(inx + “2824 ; (10.15) 


which relates K (10.13) y, 7, B (10.8) and Sz (10.7). 

In the case where the lineage boundary is now placed between the collector 
probes and a sweep field and light injection are applied, Tand R are arbitrary, 
and, according to (10.4), the solution of (10.9) is discontinuous for x =0 
(boundary location); that is, two carrier density functions are to be considered 
P,(x) and p(x) in the form of (10.9). Because of (10.5) the coefficient of 
exp(y, x/L) in the expression for P2(x) must vanish, therefore: 
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Pix) = Cy exp?** +C, exp, 
(10,16) 


y-x 
P2(x) = Cy exp Fag 


Conforming to the boundary conditions (10.2) to (10.4), only the ratios of the 
coefficients C,, C,, C3 can be found. Physically this stems from the fact that 
the injection source strength is arbitrary (light-injection ratio, collector poten- 
tial and position): 

CG 1 pe + ) 


Cs n\ Ye —7- 
G21 ubiD-+1.) (10.17) 
Cy n\n 7 


Substituting these coefficients into the first equation (10.16), one has 
= [( sa Cj *) ( | C5 ‘)| 
x)= + ex) -—(y-+ ex] a 
p(x) Hos yt t DIP y- + Jexp| = 
(10.18) 


By substituting the second equation (10.16) into (10.3), one obtains a relation 
between L and s,: 


gab, (10.19) 


Experimentally the quantity K =p,(—a)/p,(+a) is significant, since the 
boundary is located in the center between the collector probes, which are 2a 
distant. One finds K by using (10.18) and (10.16): 


= Pi(=a) | 
p2(a) 


ao [(r« + )exp(—2407-) 


- (v- +5) exn(—207)), (10.20) 


where 
A = alL. (10.21) 
Here the carrier density ratio is expressed in terms of the recombination 
velocity s,, the diffusion length L, diffusion constant D, y_ and y, respectively, 
and the expressions (10.11) that contain the carrier mobility j. 
In most experimental cases the thermal velocities are equal: 
oe wt 


ve 
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when R <1. Also Band 7 are practically unity. Then 7, in (10.8), is also near 
unity and in (10,20) K is governed by s,. Actually, only | — R > 1 — B needs 
to be assumed when 7 ~ 1. 

Solving (10.20) for s,L/D yields 


Sib _ 40K = exp(~200y-)] — y-[K — exp(—2007)] 


* 10.22) 
D exp(—247-) ~ exp(—2207) mee 
Under the conditions outlined, one can approximate 
2 
as 2 
Re = (R+ 7} (10,23) 
or also 
1-T*? ~1-(T+R), (10.24) 


where the functional error in the approximation (10.24) is only 1 — B+ R. 
Using (10.24) in (10.6) for s,, v,, B/v_ being eliminated by using (10.7) for 
S3, leads to a solution for (T + R): 


(10.25) 


crerpaten [te Galt : + Goute) 


1+ (2sy/Vp)J Lt — 2s2/V2))" 
Conservation of particle flux requires that 
A+R+T=1. 


Here A is the absorption coefficient or recombination probability of the 
lineage plane with respect to a single minority carrier, and 


A=1-(R+T)x1-T*, (10.26) 


Returning now to the derivation of the expression for R+T or 1—A in 
terms of g, the diameter of the cylindrical recombination regions of the 
individual dislocation arrays, and h, the average dislocation spacing (10.1), 


we have: 
2 -1/9\ _9 “(2) 
1- A= 2 [00s (2)-2 sech™'{=)], (10.1) 


for the recombination cross section of a single dislocation belonging to the 
lineage boundary. 

With the above set of elaborate equations, McKelvey was able to measure 
5, — 8, (cm/sec), the absorption coefficient A, and the individual recombination 
region g. Resistivity p (ohm cm), mobility 4 (cm?/volt sec), diffusion 
length L (cm), and distance d (cm) between the probes as well as A, the 
distance between the dislocations, were measured by usual methods. The 
ranges measured are 
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p (7.7 to 8.4 ohm cm), 

1 (1780 to 3310 cm?/V sec), 

L (0.0259 to 0.0475 cm), 

d (0.01615 to 0.02584 cm), 

51 — 52 (2463 to 11496 cm/sec), 
A (2.323 - 107 to 8.36 - 1074), 
H(1.24 to 3.28 pw), 

g (0.71 to 2.87 A). 


A plot of A the absorption coefficient of carriers versus the driving field Ey in 
volts per centimeter reveals systematic deviations of up to 30%. 

These results show that the arbitrary probe spacing and the assumption of 
a field-independent recombination region g are not appropriate and that the 
considerable scatter observed points to a principle neglect in the model used. 

Although the general way of attack on the problem of small-angle lineage 
boundaries with wide-array spacing A (several microns) is correct, later 
measurements of the extended space charge originating at edge dislocations 
specifically in n-type material show that the g values should be much larger 
(see Section 9.3) and that, in effect, the collector probes in these experiments 
were probably spaced close to or within those space-charge regions. 

Tf, in this case, the driving field Ey is changed from a fraction of a volt to 
several volts, a strong change in the measured values of s, (10.19) and s, 
(10.22) is to be expected, and therefore A from (10.25) respectively (10.26) 
is not correct. 

Although the / values are measured microscopically, we see that d is in the 
range of 100h or d/2 ~ 50h = 50, which is close to the expected space-charge 
extension of the dislocations. Obviously g must be different for holes and 
electrons, depending on the core charge of the dislocations. McKelvey also 
observed that the cross section is larger on a sample that showed a smaller 
distance h between the individual dislocations. 

A higher dislocation density certainly gives rise to some overlap of the 
individual space-charge pipes, and the boundary starts to react as a closed line 
of charges with 7 ~ 0 (see Chapter 11). 
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Chapter 1 1 Low- and Medium-Angle 
Grain Boundaries 


11.1 SHEET CONDUCTANCE 


The dislocation array with closer spacing of the individual pipes is formed 
when two seed crystals are tilted with respect to each other for an angle 0 
in excess of a few minutes of arc. As we have defined before (see Section 4.2), 
the low- and medium-angle grain boundaries fall into the tilt-angle ranges 


0.10<6@<5.0° (low), 
1.0 <0 <25° (medium). 


In these cases, overlap of the individual space-charge pipes can be assumed, 
and the whole structure resembles a sheet of complex properties. The inner 
core is a sequence of partially filled levels with negative core charge in germa- 
nium, a hole accumulation layer on either side, and an extended space charge 
from there on into the bulk crystal sides. As we saw in Section 9.3, the space 
charge of individual dislocations can extend over many microns. Therefore, 
even low-angle boundaries (lineage) in many cases represent coherent electro- 
nic structures, depending on the bias situation or local field strength and on 
the bulk doping. The often described 60° dislocation in the diamond lattice, 
that is, a dislocation running at 60° to its slip vector, shows rows of dangling 
bonds at a distance 


D = 0.866 - b «cos sec a, 
where « = 60°, 
6 = interatomic spacing (approximately equal Burgers vector) 


(see Figure 11.1). The dislocation plane disects the crystal essentially into 
three parts, as we have seen: a central part that has new properties on account 
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DISLOCATION 
PLANE 


Fig. 11.1 Model of 60° dislocation plane in diamond lattice: a 
axis; b = Burgers vector; black atom sites denote extra half plane; 
heavy lines = atoms above projection plane. 


of the high density of dangling-bond states with their specific core charge and 
adjacent space charge and the two normal sides of the bulk crystal. Such a 
form can be considered an internal surface because of the similarities of internal 
and external broken bonds. However, a difference arises because of the missing 
surface states at a free surface and the attendant chemical reactions with the 
ambient. In a sense the internal surface in the form of a two-dimensional 
grain boundary can be equaled to a clean surface in ultrahigh vacuum or a 
cleaved surface. Such analogy was clearly established by work done on 
mated surfaces.' Germanium monocrystals split parallel to [111] planes 
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within a high-vacuum chamber (107° torr) and brought into contact im- 
mediately thereafter show clearly the effects of grown bicrystals. In n-type 
germanium, a p-type interface appears with the properties of a grown grain 
boundary with edge dislocations: photovoltage reversal for a light beam 
crossing the boundary, disappearance of the p-type region after annealing, 
nonappearance in p-type bulk doping. The latter effect is due to the non- 
availability of free electrons to associate with the broken bonds and the 
missing space charge. The mated clean surfaces, therefore, are comparable 
with the grown-in tilt boundaries, because they can be produced with high 
precision by the double-seed Czochralski growth, to be described later, A 
microscope picture of a bicrystal [100] surface is shown in Figure 11.2. 


Fig. 11.2 Crystallographic etch of bicrystal surface, germanium 3250 X. 


Such inner surface structures constitute boundaries for electronic transport 
that have been dealt with from a general point of view for any conducting 
medium. In metals with overlapping bands, consideration of a reflecting 
boundary (for example, at 45° with the lattice translation vector d) leads to 
wave functions of a form? 
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Vn = Sd re'™ + e194 A+ nem", (iL. 
where ¢ = phase angle, 


2n 
k = wave vector = 7 
(see also Section 2.2). The last term in (11.1) is a nonpropagating state that 
decays in the n direction normal to the boundary. This state represents the 
surface effect and depends on the type of boundary and its orientation, while 
the first term is a superposition of incoming and reflected Bloch waves. 

In solving the Schrédinger equation subject to the appropriate boundary 
conditions, one finds that multiple Bragg reflections can occur (specular 
reflection at the surface boundary assumed) and that the boundary introduces 
evanescent parts to the wave function. These again introduce into the elec- 
tron states a spread in momentum in the direction normal to the boundary. 
They also increase the charge density contributed by a state in the vicinity of 
the surface. They further change the electron wave function at the surface, 
affecting chemical reactions that may occur at the surface. 

Especially in the optical range where the usual theory does not allow transi- 
tions unless the k’s differ by d, such boundaries introduce new kinds of 
optical absorptions. 

It has also been found that charge oscillations can exist near a crystal 
boundary. 

In summary, surface effects penetrate many interatomic spacings into 
the bulk, form evanescent parts to the wave function, distort the electron 
distribution, and can create charge oscillations near the boundary. 

In semiconductors, surface states form localized wave functions with 
energy levels within the forbidden zone. These wave functions are exponen- 
tially damped going into the crystal and also toward the outside because of 
the image forces (Tamm levels). Although a number of models have been 
advanced to explain this particular case, it seems that the main property 
to consider is the wave function overlap of the closely spaced surface bonds 
and the resultant space charge that extends eventually thousands of lattice 
constants deep into the bulk crystal. P. Handler and W. M. Portnoy* have 
made careful measurements of the surface conductivity under various condi- 
tions. From their results, it appears that a clean surface (sputtered with argon 
at 600°C in ultrahigh vacuum) has a nearly temperature-independent con- 
ductivity in the range of 100 to 300 4 mohs/(Q* and has p-type character. 
Handler and coworkers conclude that the surface states are perturbed out of 
the conduction band to form a surface-state band that overlaps with the 
curved-up valence band, The holes in the upper valence band move in a 
potential well formed by the Fermi level valence band crossover and the sur- 
face boundary. The well is assumed to be 50 to 100 A wide (see Figure 11.3). 
* Compare Fig. 11.13. 
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Fig. 11.3 Electronic band structure of grain boundary after Handler.? 


These assumptions are, as Handler and coworkers point out, in agreement 
with models advanced by Shockley and Read and measurements on grain 
boundaries by Tweet* and Mataré and coworkers.> Tweet produced germa- 
nium bicrystals of a rather imperfect form. His measurements of the grain- 
boundary conductance and mobility were facilitated by the use of gold 
doping. In this way, the bulk conductivity was minimized in order to bring 
out the predominant conduction features of the high-conductivity boundaries. 
As Tweet found, the grain boundaries of very small misfit angle of less than 
1° are less conductive than larger-angle boundaries, which is in agreement 
with our picture of partially overlapping dangling bonds for larger misfit. The 
Hall mobilities measured by point probes against a base-plate contact are 
relatively high. With the resistivity probes at a distance s and the Hall probes 
at a distance w the mobilities were calculated on account of 


=—_ = cm?/V sec, (11.2) 


where H = magnetic field strength, gauss, 
Vy = Hall voltage, 
V, = sample voltage. 
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One finds values between 10* and 10* cm?/V sec with peak values at 150°K. 
The samples cut along the [110] axis (actual tilt axis) show the real tilt 
boundary mobility, which remains rather constant from 150 down to 50°K 
and below; the samples cut along [100] in the lower (deviating) part of the 
boundary show a lower and stronger decreasing mobility. This is to be 
expected, since a kink in the grain boundary indicates a lower energy con- 
figuration or a twinlike arrangement with a lesser number of dangling bonds. 
Tweet confirmed this by growing pure twin boundaries which did not 
reveal any preferred conduction (see Section 8.1). Early work on controlled 
grown grain boundaries has shown that, in fact, the conduction along the 
grain-boundary space-charge sheet is degenerate. 

Clear indications of a preferred conduction along the path of a grain- 
boundary plane were found in early measurements on rather perfectly grown 
bicrystal samples even at room temperature.® Figure 11.4a shows the case of a 
bicrystal seed arrangement with tilt angle 0,, grain-boundary orientation 
¢ = 90° and rotational (0,), and twist misfit (03), which are kept at minimum. 
Two point-probe measurements across the bicrystal sample (see Figure 
11.46) result in a typical potential maximum at the grain boundary, here 
expressed in resistivity p (see Figure 11.5). 

A double point probing, so that the probes move across the bicrystal, as 
shown in Figure 11.4c, results in a potential minimum or decrease in resultant 


Fig. 11.4 (a) Bicrystal seed arrangement (Q, tilt angle, 82 rotational misfit, @3 twist angle), 

(6) Double-probe potential measurements across grain boundary. Probe distance d. 

(©) Double probe potential measurements with probes in a plane parallel to grain boundary 
plane. 
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Fig. 11.5 Result of potential probing conforming to Figure 
11.4(b). Ordinate in ohm cm. 


resistivity when both probes are sitting within the space-charge region of the 
central grain boundary (see Figure 11.6). 

We discuss later, in Chapter 12, why it is unlikely that these findings are 
explainable by a Cottrell atmosphere at the grain boundary (see also Section 
9.2). 

Further measurements by potential probing and light injection’ established 
the fact that lifetime of injected carriers in n-type crystals with a grain bound- 
ary becomes extremely large when transport within the narrow boundary 
region is effected (see Figure 11.7). This is actually an indication of a p-type 
channel through which holes can move freely when subjected to the negative 
collector field. Increased diffusion length of holes parallel to dislocations 
had been found already by Bell et al.® for germanium in photoconductance 
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Fig. 11.6 Result of potential plot according to Figure 
11.4). 


measurements. Further measurements on controlled grown bicrystals® by a 
refined probing method confirmed the early measurements and showed 
clearly the decrease in resistance along the grains.'° 

Measurements on precisely grown bicrystal samples with indium-alloy 
contacts to the grain-boundary layer were made subsequently. Such contacts 
applied to n-type bulk crystals establish a blocking contact to the bulk and an 
ohmic contact to the boundary. Results of measurements at decreasing 
temperature reveal clearly the strong degeneracy of a plane in which the 
dislocation line charges are regularly arranged and form laterally overlapping 
space-charge pipes. 

A comparison of the resistivity of equally shaped samples with equal 
contact areas, but p-type (indium) in the case of the grain boundary, n-type 
(antimony) in the case of the bulk crystal, shows the strong difference (see 
Figure 11.8). The absolute value of p is without importance here 
(calculated for a 100 A grain boundary width), the temperature variation is 
the most important feature. Although the bulk crystal shows the usual strong 
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Fig. 11.7 Light injection-point and collector-point moving across bicrystal. Plot of 
resultant decay curve at each location and apparent lifetime with excessive value when light 
injection and collector-point are located on grain boundary. 
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Fig. 11.8 Plot of reduced resistivity as a function of temperature in °K showing extreme 
degeneracy for bicrystal case. 


changes for high and low temperatures, the bicrystal is almost insensitive to 
these changes from room temperature down to liquid helium temperature’? *. 

As a further test of the validity of the model of the overlapping space 
charge of the dangling bonds, with respect to the conduction mechanism 
based on overlapping wave functions, many bicrystal samples with different } 
bulk doping were prepared and their grain-boundary conduction tested at low 
temperature. The results at 4.2°K show no correlation of the p* values (in 
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ohms per square) with the impurity range or type. From N = 10'? (intrinsic) 
to N = 10'° cm~> and from p-type doping (Ga) to n-type doping (Sb) and 
also with copper (Cu) and gold (Au) doping, the resistivity remains in a 
range between 3 and 11 x 10° ohms per square.'!+!? 

Samples with the geometry shown in Figure 11.9 were used. When the 
thickness f¢ of the conducting channel is not known, use is made of reduced 
resistivity p* = p/t. To elucidate the effect of the grain-boundary conductance, 
Weinreich et al.!? measured the current across bicrystals where the bulk 
crystal had different thickness. Figure 11.10 gives the results. These bicrystals 
were grown in the [100] direction with tilt around [001] of 10° to 30°. They 
were p-type (1.1 ohm cm) and thus forming p-p*-p layers. At both ends they 
were indium-plated for contacts. The low temperature measurements were 
extended from 300° to 2.5°K. To ensure that in this temperature range no 
disturbing impurity band conduction or other interference occurred, three 
samples were prepared and measured simultaneously in one temperature run. 
All three had the same length and height. Two were samples 0.03 and 
0.003 in. wide, with grain boundaries and the third was a bulk sample (no 
bicrystal) of 0.03 in. width. In the current plot versus 1/7, it is shown that the 
bulk sample of the same type and doping as the bicrystals (p-type, 1.1 ohm 
cm) carries a 50 times smaller current below 10°K or represents a 50 times 
higher resistivity. It can also be seen that this is the case even when the cross 
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Fig. 11.9 Sample geometry and representation of 
reduced resistivity. 
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Fig. 11.10 Temperature dependence of the conductivity of 


1.1.Qcm P-type germanium and of the grain boundary region 
(sheet conductance). 


section of the bulk is 10 times larger. In the bicrystal case, the width of the 
sample is, in fact, of little importance, since all current below 10°K is carried 
by the space-charge pipes along the dislocation sheet. The striking difference 
in resistance between bicrystals and monocrystals of the same crystal material 
and with the same contact shows that no difference in contact resistance 
is at the root of this constant and high conductivity of the dislocation arrays. 
In n-type crystals, the measurements have to be carried out with In alloy 
material, forming in this case a blocking layer with respect to the bulk. One 
side of the sample always being biased negatively, one side of these junctions | 
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is always in the reverse mode so that current through the bulk is essentially 
nil (see Figure 11.11—current for 2.7 ohm cm sample). In high-resistivity 
crystals, the junction leakage current is increasingly competing with the 
dislocation sheet conductance from 30° upward. 

For comparison, the temperature dependence of the conductance (or the 
current) for a 5 ohm cm n-type bulk crystal (Ge) is drawn. 

A further remarkable property of the conduction in overlapping wave 
functions of dangling bonds is that it is entirely ohmic except for the 
leakage current and before the avalanche current contribution sets in. 
Figure 11.12 shows an example. The grain-boundary conductance is ohmic 
over 6 decades. 
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Fig. 11.11 Temperature dependence of sheet conductance. 
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Fig. 11.12 J-V characteristic of the sheet conductance. 


Finally, Figure 11.13 gives the list of differently doped bicrystal samples of 
the shape shown in Figure 11.14, and their grain-boundary resistivity p* in 
ohms per square, as described earlier.'!:!? We see that at 4.2°K for a doping 
change of three orders of magnitude and for varied doping agents (n and p), 
the sheet resistivity changed between 3.6 and 11.2 kQ/(). Considering that 
the contact formation is not always ideal, especially on high-resistivity bulk 
and that leakage-current contributions at the much wider bulk-crystal halves 
cannot be excluded (compare the contact area to the bulk, 2.9 - 10~* cm?, 
with the contact area to the grain-boundary barrier, at most 1.7: 107° cm?), 
the independence of the grain-boundary conductance on sample doping and 
resistivity is striking. 

Such conduction goes beyond the normal impurity conduction in degener- 
ate semiconductors. The physical reasons for this extraordinary behavior are 
found in the difference between a normal impurity as acceptor and a broken 
bond. The dangling bonds are able to pick up electrons in a lower energy state 
until the energy lost by adding an electron is compensated for by the energy 
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p bulk, p* ohms 
T= 300° K, Impurity N, per square, 
Sample no. ohm-cm. Type atoms/cc Type T=4.2°K 
7 13 n 1.4 x 10'S Sb 7,800 
42 1.6 n 1.1 x 10! Sb 5,100 
6 27 n 7x 10'* Sb 7,500 
17 4 n 4.5 x 10'* Sb 3,600 
3 5 n 4x 10" Sb 3,600 
35 27 Intrinsic 3,600 
64 30 Intrinsic 5,600 
29 36 Intrinsic 4,100 
31 4 P 2x 10* Ga 11,200 
9 1.75 Pp 3x 10'* Ga 8,200 
i 1 Pp 8 x 10'* Ga 10,200 
122 ll Pp 8x t+ Ga 11,200 
27 10'* Cu 2,900 
15 10*6 cu 3,700 
(Tweet) 10"° Au 8,000 


Fig. 11.13 Dependence of grain boundary sheet resistivity p* on doping of crystal. 


Grain boundary 


1 ' 
+—————0.6 in, —— /———_——-» 
t i 


In soldered contacts for p-type bicrystals 
In alloyed contacts for n-type bicrystals 


Fig. 11,14 Dimensions of grain boundary samples for conductivity 
measurements, 
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increase due to electron repulsion. As we have seen (Chapter 9), the electron 
density in boundary states is also dependent on the external potential at the 
dislocation space-charge layer, which increases the number of compensating 
free holes also. The space-charge cylinder radius 


ies oe . 


being dependent on the bond distance D = a/2 sin 0 (a = lattice constant, 
0 =2 x tilt angle), is of the order of 10* A at room temperature or 2: 10° 
lattice constants, This is roughly four times the mean spacing between excess 
donors for NV, — N, = 10'5 cm~? in the bulk, since the spacing of electrons in 
dangling-bond levels is S= Dif ~ 40 A, S < R, or the space-charge cylinders 
are overlapping. 

Thus the electronic width of the grain-boundary plane is of the order of 
magnitude of the inversion layers at both sides of the dislocation array. 

With a filling factor of f 1/10 and an assumed width of the disturbed layer 
of 10 to 10° A, the state density for angles of misfit 9 > 10° is N, ~ 8 + 10'* 
to 10° cm~. With these levels strongly localized, the Fermi level falls into 
the top of the valence band. 

The strong filling for values of the bias voltage below kT/e is visible when 
the detailed characteristics under bias is measured (see Figure 11.15), where a 
current rise to 25 nA on both sides is measured before the saturation value is 
reached. 

The rather astonishing conduction with this high degree of degeneracy has 
been tested subsequently in III-V compound bicrystals also. 
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Fig. 11.15 -V characteristic across grain boundary barrier at room tempera- 
ture. 
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R. K. Mueller and coworkers have found that indium antimonide bicrystals 
produce a clear degeneracy over a wide temperature range. Already from a 
temperature of 100°K downward, the resistance or conductance is a constant 
down to liquid helium temperature. The values published by Mueller and 
Maffitt'* are shown in Figure 11.16. Here the complete lack of temperature 
dependence of the conductance is striking. It can be assumed that the conduct- 
ance value of 10~* ohms per square in this case is also maintained at higher 
temperature beyond 100°K. The increased conductivity here stems from the 
fact that the alloy zone to the boundary begins to draw leakage current at 
higher temperatures, adding bulk material to the conductive path. Figure 11.16 
shows the case of f dislocations parallel to the grain-boundary plane. As the 
authors have shown, there is only a very small difference between the con- 
ductances of f), and #, planes and also the « dislocation plane. All are equally 
degenerate. It is significant that the Hall mobilities measured in the channel 
at, for example, 78°K are as high as 1.3 x 10* cm?/V sec for an « bicrystal and 
2.3 x 10* cm?/V sec for a f bicrystal. These high interfacial mobilities suggest 
the use of InSb grain boundaries in magnetic fields. Such extremely narrow 
H field probes are desirable in many cases where localized magnetic field 
changes have to be monitored. The observed electron density in the conducting 
sheet is n = 2.5 x 10'? cm™? or nearly two orders of magnitude higher than 
the net number of positive surface charges N+ = N,—n(cm™?), where 
N, = number of ionized donors per unit boundary area. 

The reason for the increase in electron density in grain-boundary sheets 


g 
E 
5 
3 
8 
8 
| K) | 
10:3 100 50 25 16.7 125 10 86 73 64 
‘ i 
0 20 40 60 80 100 120 140 160 
{1103/7} 


Fig. 11.16 Conductance in [mhos/square] of grain-boundary layer in Judium- 
Autimonide, (R. K. Mueller and K. N. Maffitt.'*) 
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beyond the number of available surface states is discussed in Section 11.2. 
In considering the unusual and complete degeneracy of the conducting space- 
charge sheet of a grain boundary, two reasons can be given for the extra- 
ordinary conductivity. First, the spacing between dangling-bond sites is only 
of the order of a lattice constant. Even for low filling factors f= c/a ~ 1077, 
a sufficient wave-function overlap is guaranteed. This becomes clear from 
a comparison with the mean density of impurity atoms in the bulk. In 
degenerate germanium, for example, a density of 10'? cm~> corresponds to a 
linear density of 2.2 x 10° cm or a sheet density of 4.6 x 10'? cm~?, which 
is clearly comparable with the sheet density of electrons in dangling-bond 
states, as measured. With 5 x 107~* cm interatomic spacing in bulk material 
or 0.2 x 10® atoms/cm, a distance of 10 lattice constants is responsible for 
degeneracy. Since the filling factor for the grain boundary increases with decrea- 
sing temperature, degeneracy is also increasing. In silicon a higher density at 
degeneracy has to be assumed: Np = 10'® to 107° cm~°, so that here grain- 
boundary conduction would be prominant for doping ranges below this value. 
The second cause of the high conductance of the sheet is related to the 
discussed special transmission-line behavior of the grain-boundary pipes 
(see Section 9.1). Since carriers confined to the inner pipe by a space charge 
undergo little scattering, their mobility within the sheet is relatively high. 

In comparing the temperature independence of conduction with the 
electronic conduction of metals within the same temperature range, it is 
striking that metals like copper, silver, and zinc show some degeneracy only 
at the lower temperature ranges (below 10°K) and generally display a change 
of three orders of magnitude between 5 and 50°K (see Figure 11.17, with 
resistivity plotted in nano-ohm cm). 

Considerable experimental evidence for the high conduction in grain 
boundaries was furthermore collected by numerous authors working with 
grown bicrystals in germanium and silicon. 

Landwehr and Handler!’ and R. K. Mueller'® show the degeneracy over a 
wide temperature range with only slight conductivity variations in the higher 
temperature range (contact potential and bulk contribution), 

Hamakawa and Yamaguchi"” studied the transport mechanism along grain 
boundaries and found increased hole density with decreased dangling-bond 
spacing.!®19 

Tn a further publication, Landwehr tries to analyze the particular form of 
the conductivity versus temperature curve.”° Based on the number of defect 
electrons in surface states at 4.2°K of 5 x 10'? cm~? as revealed by Hall 
measurements, an application of the Thomas-Fermi method to the channel at 
either boundary side leads to an evaluation of the carrier density change with 
distance from the grain boundary. 
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Assuming that the defect-electron density p(x) within the space-charge 
region is governed by Poisson’s equation: 
ao 
dx? 
where ¢ = electrostatic potential, 
e = electron charge, 
e = dielectric constant, 


and that p(x) and the potential energy e(Ym,, — @) are related as 
2 


2/3 
(a= 9) = Fr5(ge) LOGE”, an) 


4ne 


- = 20), (11.3) 


m*™ 
h = Planck’s constant, 
Pmax = Maximum energy of defect electron = Fermi energy Ep at T= 0, 
m* = effective mass, 
one finds, by combining (11.3) and (11.4), that 


2 2 
r5-3(Z) — Cp"? =0, (11.5) 
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with a constant 


82) 7/3 12e?nm* 
c~(¥) =. (11.6) 


Landwehr’s result of the integration of (11.5) with the boundary conditions: 


dy eC 
(27° 


(11.7) 
ediv( 2) = —4nep,, 
x20 


gives a defect-electron density p(x): 


3/5 6/5 us 5 1s -6 

o=(a) Ge) (la) Ge) x] ow 
where pr is the surface-charge density of the defect electrons (5 x 10'? cm7?). 
Corresponding to (11.8), the net density p decreases from a high value of 
10'? cm™? at the boundary to 10'7 cm™* at 100 A from the grain boundary 
already. A zone of 140 A width thus contains 90 percent of all defect electrons. 
In a 2 ohm cm crystal, this concentration lies two orders of magnitude above 
the donor concentration in the bulk, which therefore can be neglected. 

The strong potential change near the boundary at x = 0 makes it doubtful, 
however, if the Thomas-Fermi method can be applied. Landwehr points 
out that for the center hole density of 3.4 x 10'§ cm™? at the grain boundary, 
a mobility value of 400 cm?/V sec as measured in bulk germanium corresponds 
well to the measured mobility values of holes in grain-boundary barriers 
(~300 cm?/V sec). 

Landwehr found that resistivity and Hall constant show an increase from 
20°K upward, with a soft maximum at ~100°K, and assumes that this is due 
to the contribution of defect electrons of higher mobility (no diffuse scattering 
at the boundary) farther out from the boundary, It has also to be considered 
that the indium alloy junctions diminish their blocking action with respect to 
the bulk material as the temperature increases, thus drawing an increased 
number of bulk carriers into the conduction process. 
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11.2 GRAIN-BOUNDARY BARRIERS 


The interesting fact of the blocking behavior of dislocations and especially 
grain boundaries when current flows across these structures was known for a 
long time before systematic work on these structures started. In crystal 
growth and testing, it was known since the early days of germanium diode 
production, which started systematically during the war years 1943 and 1944, 
that boundary layers in polycrystals had no useful properties for point-contact 
diodes and that such boundaries in front of base-contact areas lead to high 
spreading-resistance values. 

Several authors noticed grain-boundary barriers in the subsequent years of 
activity in the germanium crystal field, but it was not until 1952 that grain- 
boundary barriers were clearly described by Fan and coworkers at Purdue.! 
Further interesting facts concerning their use as transistor injection layers or 
base layers? focused attention on the particular structural zone that at the 
same time could be used to study the electronic aspects of dislocations in a 
more direct way than is feasible when individual dislocations are statistically 
embedded in bulk material and are not accessible to contacts. First systematic 
studies on grain-boundary barriers*:* showed remarkable aspects of the 
blocking layer, which were independent of the doping of the bulk. Initial 
experiments with bicrystals produced under controlled seed conditions in 
Czochralski equipment® provided strong evidence of the role of the dangling 
bonds in this structure. In some cases, p-type contacts to the grain boundary 
operated as efficient minority carrier injection zones. In a compilation of the 
facts concerning grain-boundary action, a preponderance of diffusion of 
impurities had to be ruled out as a reason for the degenerate behavior and 
also for the barrier layer built up®. There is, however, a question with respect to 
the buildup of Cottrell atmospheres in the case of wide dislocation spacing or 
grain boundaries of the lineage type. H. Queisser and W. Shockley concluded 
from measurements on silicon bicrystals that oxygen plays an important role 
in the electronic behavior of grain boundaries’. The known photoresponse 
with photovoltage reversal did not appear in bicrystals with low oxygen 
content (floating-zone-grown). Also, this response, typical for grown bicrystals 
starting with high-resistivity silicon material grown in an oxygen atmosphere 
(boat-grown) disappeared after heat treatment. It has to be added here that 
the photoresponse or the existence of a double barrier hinges on the existence 
of a space charge. As germanium grain-boundary barriers disappear when the 
bulk material is converted into strong p-type, so silicon boundaries with a 
positive core charge do not form an appreciable space charge when the bulk 
material is converted by the formation of electrically active thermal donor 
centers. As has been shown* in the past, SiO and SiO, complexes begin to 
form by heat treatment at temperatures as low as a few hundred degrees, But 
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all these experimental results are not conclusive so long as the kind of bound- 
ary is not clearly defined as a grain boundary of the dangling bond type. 
Twin joins of first, second, and higher order (see Section 4.4) are discon- 
tinuities in a “repaired” lattice with fewer, widely spaced dangling bonds. 
Their number does not correspond to 1/D = [2 sin(0/2)]/b (6 = Burgers 
vector, 6 = tilt angle), and therefore their behavior is comparable with the 
case of lineage boundaries with no appreciable wave function overlap (forma- 
tion of a Cottrell atmosphere around the individual dangling bonds). The 
bicrystals grown in silicon, therefore, are mostly of the twin type, with wide 
spacing between broken bonds, and behave like low-angle lineage boundaries. 
This was also confirmed in measurements on hundreds of silicon grain 
boundaries as they occur in polycrystals. The author found that in 1 case in 20 
a silicon grain boundary in the same crystal block displayed photovoltage 
reversal and a high blocking layer. Queisser’ reports that there is no detectable 
diffusion enhancement in these boundaries as evidenced by diffusion experi- 
ments on bicrystals. The conclusion is that there are apparently few disloca- 
tions in these boundaries. This corresponds to the statement above that 
“repaired” lattice joints display only a few widely spaced broken bonds and 
behave generally like twin boundaries, which do not represent major lattice 
disturbances. 

Experimental evidence for a strong barrier formation at grain boundaries 
grown under controlled conditions is convincing. For the wide range of 
impurity doping indicated in Section 11.1 (see Refs. 11 and 12 there) for which 
no systematic change in longitudinal conductivity occurs, transversal barrier 
measurements indicate a high barrier potential. In Figure 11.18 the voltage 
reading at a probe moving over the bicrystal perpendicular to the grain 
boundary shows a sharp peak for the integrated resistivity measured against 
one side contact. A similar increase in voltage, measured between two 
migrating probes, is seen when the two probes are connected to a voltmeter 
(see Figure 11.19). The quantitative increase of the integrated resistivity or the 
voltage depends on the bias applied (see later in the present chapter). The 
bicrystals with optimum barrier reproducibility are grown in the form 
indicated in Figure 11.20. Tilt axis is [001], seed orientations are [100], and 
grain boundary orientation is ¢ = 90° (symmetric case). The idealized struc- 
ture of the symmetric grain boundary is shown in Figure 11.21. As described 
in Section 4.2, the innermost zone of atomic misfit is very small (below 100 A). 
In this zone, the total energy due to atomic misfit and strain is given by the 
sum 
1 
6 


where, as we have seen, the first term is a measure of the elastic energy 


E = E,0In5 + E,0- A, (11.9) 
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Fig. 11.18 Plot of integrated resistivity measured between a point contact and a 
base contact across a grain boundary in Germanium. [See Mataré, 9.22.] 
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Fig. 11.19 Double probe-potential plot across a grain boundary in 
a Germanium bicrystal. [See Mataré, 9.22.] 


stored and the second term represents the constant energy per dislocation: 


where b = Burgers vector, 
Oo = Shearing stress. 


A is a constant and can be expressed in terms of the energy 
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Fig. 11.20 Bicrystal seed orientation. 


amounts £; near the dislocation misfit area and £, at a distance d< D: 
gee (Ey + Ey) +14In u 11.10) 
ie 2ar,’ a 


where r, = core radius 


(see Section 4.1). The question arises if and how much the grain-boundary- 
barrier height may be related to the stored energy. In Figure 11.22, a few 
symmetric grain-boundary-barrier values (relative resistance change across 
barrier) are plotted with the tilt angle as abscissa. Plotting the Read-Shockley 
energy curve in the same scale does not leave the impression of a functional 
relationship. At least it can be concluded that the barrier layer built up is 
sensitive with respect to the tilt angle, 25° being the optimum. 
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Fig, 11.21 Model of grain boundary interface with energy relations (see text), 


We now have to answer the questions concerning the nature of the barrier. 
In a simple schematic one would plot a band scheme E(x), as shown in 
Figure 11.23. Fixed donor ions are indicated by ©, fixed acceptors by @. 
Free holes, +, accumulate in the valence-band peak at the center near the 
Fermi level and are responsible for the longitudinal conduction in the grain 
boundary. Electrons from the conduction band move into the interband levels 
in the free-bond region at the center. The space charge extends from Xr,» the 
edge of the disturbed layer to x, . Application of an external voltage V, causes 
a depression to the quasi Fermi level E;. This situation of two diodes 
mounted back-to-back is apparent from the current and voltage characteris- 
tics as measured on bicrystal samples with two ohmic contacts on the ends, 
Figure 11.24 shows the usual characteristics for a germanium bicrystal as 
specified before. There are three basic regions. In region A of the character- 
istics, a strong current increase within a small voltage range points to the 
filling of boundary states by free carriers. A saturation region B follows, which 
has the blocking character of the usual reverse portion of J and V character- 
istics. Finally, in region C, the avalanche breakdown occurs. 
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Fig. 11.22 Read-Shockley energy versus tilt angle @ and barrier height of some grain 
boundaries of different tilt angle in Germanium. 

As a first step in the understanding of the barrier with voltage-dependent 
filling factor for the free bonds, we establish a general relation between the 
external voltage V, and the barrier height given by the voltage Vp (see 
Figure 11.23). In the case of the application of V,, the left side of the barrier 
has a drop of V, = Vp + V,. In the general scheme, Vp is replaced by V2, 
corresponding to side 2. Sides 1 and 2 may also be inverted. The charge dis- 
tribution within the grain boundary must satisfy Poisson’s law: 

div en, (11.11) 
x 
where E = electric field vector, 


p = en-charge density, 
« = dielectric constant. 
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Fig. 11.24 1-V-characteristics of bicrystal (see text). 
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‘We can represent the energy integral of these distributed charges in a volume v as 


€ [BD do= [BP dv dy ds, (11.12) 
F e 
where D = KE. 
Since E dx = Vand dy dz = ds, (11.12) can be represented by a surface integral: 
e= f Ev as. (11.13) 
Application of Gauss’ theorem leads to the equality 
EV ds= f VeEV) a (11.14) 
. ' 
= [Eerd Vado+ [ div Edv. (11.15) 
Expanding the surface s — co is equivalent to 
§ EV ds +0. (11.16) 
Pa 
In (11.15) this leads to the equality 
[Esrad V do = — f Vaiv Bae (1.17) 
F i 
or to 
ferd~f o(@) do. (11.18) 
° ° « 


Now the volume integral at the left includes the surface charges: 
i 1 
2 =-- = 
fe do 3 | Yodo af Yodo. (11.19) 


The second part of (11.19) can be considered zero in the context of the derivation (11.16), and 
thus 


1 4mp 
=| E?dv=| V- —do. .20) 
5 fi lv f = do (11.20) 
This leads to the known expression for the voltage 
a 
re (11.21) 
87en 


Equation (11.21) can also be found by expressing V from Poisson’s equation. 
For one dimension 


dy 4np 

aa, (11.22) 
xp 

V=-2r—. (11.23) 
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Here the field is 


dv “dnp 
em pd 
=s if: ~ ax, (11.24) 
or 
4npl 
E= -~, (11.25) 
16: 2 2 2 
B =F. (11.26) 


Eis the maximum field strength at the barrier layer, and / is the depth of the 
space-charge zone in the x direction. At the limit x = 1 (x, in Figure 11.23), 
the voltage corresponds to V = —2xp/xl? and by comparison with (11.26), 


KE? «E? 
Vj =— =—— i 
IVI xp baer (11.27) 
see (11.21). 
If two different fields prevail at both boundary sides, one has 
K 
Vem Vi — Vo= =~ (Ei — Ei), (11.28) 
and for different carrier densities n, and nj at either side 
« (EZ? E3 
¥= V, — Vp =—(—- =). , 
Ni Yonge (-2) (11.29) 


Following the argument of Fan and coworkers,! one can establish a relation 
between the number of charges within the barrier layer Ax and the fields at 
either side in order to find the actual number of charges in grain-boundary 
surface states. 

In moving from field E, to field E, across the grain-boundary barrier, one 
has for the line integral 


2 dE 1 
= dx=-[ 4zp- dx, 11.30) 
Pe Pde es a (11.30) 
or 
4: 
E, — E, =— p(x, — x2). (11.31) 
cS 


1 


In (11.31) the charge density p/ corresponds to the actual number of charges in 
dangling-bond states, g. If we express Ej from (11.31) and introduce this into 
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(11.28), we get an expression linking £, and E, with g, the number of grain- 
boundary (g.b.) states: 


2 
rar? —"4 py (=) s (11.32) 
k K 
which, introduced into (11.28), yields 
__k ‘4nq\? 8nq 
tongs |(S) - B,], C98) 


where n refers to the bulk crystal doping and q refers to the actual charge 
density in g.b. states. A similar result for £, yields two equations 
expressing the two fields as a function of g, the external voltage V, and their 
relation to the bulk doping n: 


2nq en 
E,=—--— Ne 
(11.34) 
2nq en 
ler 
In equilibrium one has 
Vio= ~Vn =f. (11.35) 
This means that in terms of the barrier height ¢ in electron volts 
$1 = $2 = b0- 
Since according to (11.31) 
4; 
E,-E,=—4, (11.36) 
K 
we have for the equilibrium case 
E,=Ey, Ez, = Ex; (11.37) 
and 
2 
Eyo = ~E0= - =, (11.38) 
where qo = equilibrium number of filled g.b. states. 
Introducing now £5, instead of E, into (11.34) leads to 
Qn Qn 
a ee hy (11.39) 
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This can be written in terms of the ratio g/qo of actually occupied states to 
their number at thermal equilibrium: 


Susie (1+ 4)", (11.40) 


where ¢ = 1g$/2xn barrier height in equilibrium. 


This ratio of actual to equilibrium charge density in g.b. states as a function of 
V, can be used to assess the g.b. voltage dependence and will be referred to in 
the future quite frequently. 

As a matter of fact, it is this dependence which gives the grain-boundary 
double barrier its remarkable properties of a barrier height increase with 
voltage (see Figure 11.25). As V, is increased to V;, the quasi Fermi level at 
side 2 of the barrier is moved from ¢, to {{ and at the same time the barrier 
height increases from eV, to eV{. 


Ep 
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Fig. 11.25 Voltage dependence of grain boundary barrier height. Shown is increase in 
V. (+ Ve) and resultant increase of V;-> V{ respectively V2» V3. Barrier height o= 


vA y,\12 
eVi0 = eVao for ¥=0.Sineeq~ aul | ~(14+ 42) } van Yeares(® ) ; 


$ $ 


Expressions for the voltages at both sides follow from (11.21) with (11.34): 


2 
4egh Cs Sey, ais 
8xen\ « q 


K (2nq_ enV,\? 
[RN ack RLLO a2 
: uae) (11.42) 
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These voltages reduce to zero for the critical V, value 
2n 
Venu = £— q’. (11.43) 
Ken 
Fan and coworkers pointed out already that a constant number of charges 


in g.b. states would lead to very small critical voltage values. 
For g = qo, (11.32) is valid, and thus 


4n7q5 
B=, 
consequently 
K 
Vere = Eto sy (11.44) 
On the other hand 
8zenV, 
Efo = Elo = — 
see (11.27). Therefore 
ne _ 4% _ 54 
Ver = 4Vi0 = 45 = 2 (11.45) 


compare (11.40). With the value of ¢ in the range below 1 eV, the critical 
voltage values would be very low. In reality blocking voltages well above 
normal junction saturation values have been measured. This gives increased 
importance to (11.40). 

Introducing this expression for g/qo into (11.41) and (11.42) leads to expres- 
sions for the two potentials in terms of V, and $: 


1a ify =1)2 
Pa (Fea (1+) | +7 [4 (1+) | , (11.46) 


~ Bnen\ « g qo @ 
K (740 ev, | dete] ( 7") "y 
= 1 = é 
Vz [1 +( +3) a6 1+ ae (11.47) 
see (11.14). Concentrated in one, these equations can be written, 
2 2 
_ 7% , 1 enk Ve 
Ya) = Geng 9 "et Sag a? (11.48) 


(minus sign for V2), 

where go = equilibrium charge density in g.b. states, 
n= bulk carrier density, 
« = dielectric constant, 
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and with 


amis (142"] 4% 1) 


the function (11.48) for the voltages at either barrier side can be developed into 
a series for 


With the functional relations 
XYelta 
@t+1P =a=1ta4+2/i tad] 
and the abbreviation 


2 
— 740 
cum (11.50) 


(11.48) becomes 
¢ 


c 1 ¢ 1 
Yay = y+ 1? +36 50- 1)? $5567-1) (11.51) 
or, 


Cc 1 a V, 
Yay = _Zta+ 20 +7] +32(6) [2+a-20 + a)'7] +. 


(11.52) 
This function is now to be considered for different « values. 
If « <1 (or eV, < ¢), we can develop 
(1+ a)? = 1+ Jo — Jo? + ead --- 
and obtain 
ey o 1 /¢\? a). ¥ 
2—|4 -sl+—5(- —|+—. : 
Viay 5 | + 2a a] +36(6) [++] 24 (11.53) 


We have developed to the «? term only. This means that V2) is quadratically 
increasing with V, for eV, < @ or within the diffusion voltage range of the g.b. 
barrier, a fact apparent from the characteristics, as we have seen (see Figure 
11.24), 

For increased a, for example, « > 1 or « > 1, we get from (11.52) 


C1)? _ fC, 1/67) __¥, 
rane get ze(s) a¢ 5 =e[E+z0() [az ee 


which is linear in V, only. 
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In other words, if the external voltage surpasses ¢/e, the barrier height 
is only linearly dependent on V,, as in ordinary p-n structures. 

So far, we have considered voltage-field and barrier-height relations with 
respect to g.b. charge densities. Now we wish to know more about the actual 
current-voltage relationships and the number of electrons and holes in 
boundary states at the barrier top. Here we start with the model of a Schottky 
double barrier. The current density j on either side of the g.b. barrier has a 
field and a diffusion part: 


dn(x) 


Jj = epnE(x) + wkT Pr 


(11.55) 


where p = electron mobility, 
E(x) = local field strength, 
n= carrier density, cm~>, 
e = electron charge, 
k = Boltzmann constant, 
n(x) = local carrier density. 


From here the blocking current density is found by integration under 
appropriate boundary conditions and corresponds to the usual rectifier 
expression 


eV, 
i=isj1— —=]|- 11. 
i ia exe( | (11.56) 
V, is the voltage measured from the barrier top to the end of the space charge 
(see Figure 11.25), and i; is the field current. In the situation of a g.b. layer 
where a carrier density gradient from the top ,, to the bulk Ng, is established, 
the current is given by 
5 eV, 
i= «aE, = Ne exp - =): (11.57) 
Equating (11.56) and (11.57) results in a field current: 
[ite = Meo CPF Vil kT] 


ip =ep,E 58 
11 Bee T— exp($V,/kT) Ud. 98) 
Here the minus sign refers to electrons, the plus sign to holes. 
With the condition eV, > kT, we may simplify (11.58) to read 
ev, 
i= HE [na — Neg exe(- 24)] (11.59) 


In a balanced condition the field currents i,, and i,, from either barrier side 
have to be equal. 
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This means that 


ev, eV, 
eu, Ey [n —7,, exp - =) = el, E, [n. — Ney exp — | » (11.60) 


or 


n,(E, — E2) = Mal exp (— =) Pa exp(- #)|: (11.61) 


If we eliminate n,, from (11.59) and (11.61), we have 
=e" (— Fr) [!-e9(- Fa] 
—s)-]1- -=)]- bau 
E-E Neg EXP FT exp iT (11.62) 
Here V, = V, — V2. 


Correspondingly the hole current i, is given by 


Mn, CxP(—eV,/kT) — ny, exp(—eV2/kT) 
?°E, exp(—eV,/kT) — Ez exp(—eV,/kT)" 


Since m, <n, this field current is small. 

If we are interested in the derivation of the dependence of n,,, the electronic 
state density at the barrier top, from the applied external voltage V,, we start 
with (11.61), but under the conditions V,> V2, V.>kTye. 


This leads immediately to 


i= —en, 


i, = eu, E,E. 


(11.63) 


ev, 
(Et ~ E3) ~ ~My Es exp(— =). (11.64) 
If we assume that E, — E, = —g number of negative charges in g.b. niveaus 


and set g = qg = constant for a first-order estimate, we can find én, /6V.. 
The hole concentration is 


ev, 


1, = 2m, exp rt (11.65) 
With the relation 
|E,| = V3/? 
(11.64) reads 
viz eV, 
Ne, & — Ng  exn( — %). (11.66) 


and differentiation with respect to V, results in 


One. , visa Meo & (kT ( eV,\ dV, 
meV = (oars 1)exp ee: (11.67) 
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For the hole density we have from (11.65) 


On, e a2) OV, 
—" ~ 2n, — Pac Wo 68 
ov, RT oxo Ge av,” (e8) 
since 
Vea ViVi» 
aV, = —aV>. 


For V2 > kT/e (11.67) is positive, which means that ”,, increases with V,. The 
sign of (11.68) indicates that the hole density n,, decreases with V,. 
At this point we should consider, however, that g # constant and should 
introduce 
a.) 


according to (11.40). 
Starting again with (11.66), we find 


Neg 2vi2 ( 2) 
~ - y 11.69 
ara es era ans é 


Differentiation yields 


a 1/27 -1 1/2 
Phas {h+(+99 | 7 naexp(-$22)], (11.70) 
0 


av, Vv, ¢ kT 
or 
Ane, _ Neo ysj2 2e (( AT _ pe 
Ve do > KILL +(1 + ebe/p)'/7]\\2eV2 eV. 


es || Sees evs) 
- te) exp(- 1). (11.71) 


This is a positive function of V,, since the second term in the large brackets 
is small compared with the first. 

In a rigorous treatment one should, however, start from the more general 
relations 


kT kT 
Views We, arse 


and thus consider the filling of the free bond states. This means that the 
condition eV, > is no longer maintained. 
Starting again with (11.58) for ip = i =f(Vi)s 
Lie, = Meo exp(—eVi/kT)] 
[1 —exp(—eV,/kT)] ° 


i, =et,E (11.72) 
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and assuming 
eV, >kKT, eV, > kT, 
the equilibrium case is 
i(Vs) = i(V2), (11.73) 
or 


Vy, V; 
n, (Ey — E;) = Mal E ex(- 3) Ey exp(- alk (11.74) 
See (11.61). 


Here the dependence of n,, on V, = V, — V, is the question. Therefore, we 
have again to form the differential: 


OMe _ Ney @ [nr( kT ') OV, o(- <2) 


av. q kT 2eV,-) av, *?\~ kr, 
kT ay, ev, 
an Se tasd § fad# | 
Vi (oar 1) Fie exo( =): (11.75) 


This is a positive function of V,, indicating that there will be increase in g.b. 
charges with bias. 
Introducing now again 


qa fol tO + eV./6)"7I 


3 (11.40) 

instead of g = constant into (11.74) leads to 
ee eee) 
oD — Ma aT TT eV "2" em0(~ ft) — V1 exe(—F2)]. 
(11.76) 


Differentiation leads to 


oP ag elas 1 (r(5; a, a 
e.g 1+(1+ev./gy'?\"? \2v,~ kT) ov, 


ee me A 1 a eV, 
exo( 4 Yay, er ay, °( im) 
+ 1 el 

1+(1 + eV,/$)"? 21 + eV,/) "7? 


x | V1’? exp prac — V4/? exp| ai i (11.77 
kT kT ) 
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where V, = Vp = voltage on one barrier side, 


VY, = voltage on other barrier side, 
Vv; = external (bias) voltage = V, + V2, 
od = barrier height, eV. 


We see from (11.77) that ,, increases rapidly with V, for small values of V, 
in accordance with the earlier derivations and with the measured (J/V) 
characteristics. 

Finally we have to consider the influence of the variable grain-boundary 
state density, as expressed by (11.40) on the Fermi distribution function. The 
normal distribution function 


ae 


where Ep = dislocation energy level, 
* Ey = Fermi level, 


is then altered into 


1/2 
fa ptap, tii (11.78) 
qo 
or 
_t Ep —E,\~! ev,\"? 
fn5 (1+ en 25") [r+ (+54) {, (11.79) 


This corrected distribution function can now be introduced into the filling 
factor c/a, defining the space-charge pipe radius of the dislocations. The state 
density is 


£ = RW.) 


=5(1 exp FoF) ft + (1 +29""), (11.80) 


where a = spacing of added electrons, 
c = spacing of free bonds. 


Therefore 


R= 1+(1 + eh./$)'? 
2ne(Ny — N,){l + exp[(Ep — Ey){kT]}" 


(11.81) 
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We see that the actual space-charge radius R depends first on the applied 
voltage, second on the spacing ¢ of available states, third on the bulk impurity 
range, and fourth on the position of the dislocation level E, with respect to 
the Fermi level. 

An estimate of the space charge dependence on the dislocation spacing, and 
the bulk impurity density is of importance in cases where certain boundaries 
have to be checked with respect to their electrical influence in bulk crystals 
and devices. As we saw in Section 9.3, the pipe radius can be found on account 
of the distance D between dangling bonds: D = 6/2 sin(8/2), which is equal to 
cin this case. Disregarding the V_ dependence, we have then 


2 sin(0/2) 1 1/2 
is { nb AN (1+exp(Ep—E,)/kT)) ” (11.82) 
where 
AN =(N, — N,)- 
This can also be written 
+ 1/2 
R= [| + AN712, (11.83) 


Assuming now f= 0.1 as before (temperature range 0 < 7’ < 150°), we get 
2 H 2 
R= (~) a I AN71?, (11.84) 
™ 


or 


log R = 4(log 0.1 — log x — log b) + 4[log 2 sin(0/2) — log AN]. 
(11.85) 


For a Burgers vector b = lattice translation vector, one can readily calculate 
the dependence of R on 0 and AN. This gives a nomogram of the form shown, 
in Figure 11.26. Here the tilt angle 0 is varied from below 1 to more than 25° 
and AN from 10'* to 10'° cm=3. We see that the pipe radius is between 10-7 
and 10~* cm wide for this range (no consideration of V,). The dislocation 
spacing D is also plotted with @ as parameter. This depicts the regions in 
which R surpasses D or where the space charge exceeds the dislocation 
spacing (to the right of the D line). 

In an analysis of the current flow across grain boundaries, R. K. Mueller 
starts with the expressions for the hole current as main contributor (a) in the 
direction from the positively biased side to the inversion layer J, and (6) from 
the inversion layer to the negatively biased side J, and expresses these in 
terms of the applied voltage V, and AV, the difference between the quasi 
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Fig. 11.26 Radius R of space charge pipe of grain-boundary as (0) and (AN) and 


dislocation spacing D = f(@). 


Fermi level of electrons in boundary states and the Fermi energy in the 


negatively biased side of the grain-boundary junction: 
It =1,(1—e «-8ar) 
f 
Ty = 1(e4”"7 — 1) 


and 
It 7 en UY ~ AV kT) 
L- 1 navn \tor electrons, 
, =1, 


I, = hole saturation current, 
J, = electron saturation current (random current).? 


"for holes, 


(11.86) 


Here the boundary is represented as a trapping site with a carrier emitting 


surface on the other side. 


A capture rate y is defined that has a value of 0.2 to 0.6 for the equilibrium 


case, 
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The zero bias conductance Go is then derived (equation 18 l.c.): 


2\ (@?N,o 
Go= (1 -7) (Seuz)etre vom (11.87) 
This can be written 
2 
=(1-2\(TNXeF -§) 
G=(1 5) (Gee )o( 5): (11.88) 


where » = capture rate, 
q = electron charge, 


*, 32 
N, = effective number of states, = 2 pany 


he 
bd 3/2 *\ 3/2 
=25x 10°( sx) (=) cm™*, 
8kT\"? 
b= ( sae = average thermal velocity, 


@ = barrier height (actual), m* = effective mass, m = free mass, 
$o = equilibrium barrier height ($ = dy — cT), 
kT = Boltzmann factor. 


This expression can be modified by introduction of the expression for N, and 
for 5 which equals 1Ey. 
We have therefore 
gala tae 3/2 _¢ 
Go = (1 3) (op) ut ar exp| et) (11.89) 
2nm*k 
h? 


where A = 


The theory as developed before is based on Fan’s model and gives for the 
conductance 


2 
gs 3/2 exp(_ ot ‘) 
Go OT HE, AT ex( iT (11.90) 


(see Ref. 1). The difference between Mueller’s approach (11.89) and Fan’s 
(11.90) is small. @ in the latter case is measured to the lower edge of the 
conduction band so that @ + {is the total height from the Fermi level. Mueller 
defines @ = E.,,—E,, which is the difference measured from the Fermi 
energy level to the edge of the conduction band £,,, at the maximum of the 
grain-boundary barriers. The only difference between (11.89) and (11.90) is 
the factor (1 — 7/2). Although y is 0.2 to 0.6 at equilibrium, smaller values are 
expected for the biased conditions. 
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Current-voltage relationships for small bias voltages (range of kT/q) are in 
good agreement with measured characteristics.'° The set of equations used to 
derive the current voltage relationship is the following:? 

1. Th, = Tan = Tem = Vr (11.91) 
This relation expresses essentially that the emission current from the boundary 
is unaffected by the applied bias and according to the principle of detailed 
balancing equal to the random current /, times the capture rate 7. 

2. The set of equations for the electron current as given in (11.86). 

3. Assuming that the net rate of holes and electrons captured at the bound- 
ary is the same, one can derive a relation between the applied voltage 


arr 
La! a gr =2") 
where q = electron charge, 
Sf”, f* = Fermi energies in bulk on both negative and positive boundary 


sides, 
and the built-in voltage 


AV = 2S" fabs (11.92) 


where fy = quasi Fermi level of electrons in boundary states. 


This leads to a third equation: 


et VAT = 201 4 eT)“ 1S, (11.93) 
Since the electron current across the boundary is 
I,= 17 —(1—yIP — Ten (11.94) 
see (11.17)—one gets with (11.86) and (11.93): 
1, = 1,887 — (1 — ye" — 7, (11.95) 


With (11.93), this leads to 


ee poe | (11.96) 
or to 
1, = 1,2 — 9) tan hgV/2kT. (11.97) 
For the hole current one finds similarly 
I, = I, tan hqV/2KT, (11.98) 


where J, = hole saturation current per unit area. 


* Note that Mueller’s equation (16) is misprinted. 


11.2. Grain-Boundary Barriers 305 
The total current across the boundary 
Troe = Te + Is 
is given by 
Tote 24 (1 -i4 p)tan hqV/2kT, (11.99) 


where B = 1,/2I,. 


B measures the relative importance of the hole versus the electron contribu- 
tion. It is a significant value only for lightly doped bicrystals and can be 
disregarded for bulk doping N, > 10'* cm~?. 

For a wider voltage range, R. Stratton derived expressions on account of 
the diode theory that can be fitted to the measured data,'! 

Recently, R. H. Glaenzer and A. G. Jordan’? have measured resistivity and 
mobility in n- and p-type silicon crystals with a known amount of dislocations 
produced by plastic deformation. They found that the conductivity is highly 
anisotropic, being orders of magnitude higher for current flow parallel to 
the dislocations. This difference increases as the temperature is lowered and 
disappears, of course, near the intrinsic conductivity beyond 500°K, 

These authors conclude from their measurements that such a large resis- 
tivity anisotropy can only be associated with a space charge or, in this case, 
space-charge cylinders. They also find that in n-type silicon the dislocations 
are acceptors, and in p-type silicon the dislocations are donors, in distinction 
to the case of germanium. 

The temperature variation of the resistivity can be represented by the simple 
space-charge-cylinder model according to which 


Wg) = 2, (11.100) 
% Py 
in which 
e= RD = fDja(N, — N,), (11.101) 


where ¢ = fractional volume of space-charge cylinders 
as voids (see Section 9.1 and 9.2), 
R = space-charge-cylinder radius 
D = dislocation density, cm~? 
a= distance between dangling bonds, 
N,— N, = net donor density. 


These experiments confirm the importance of the broken bond for the 
behavior of the dislocations. The complications of the impurity atmospheres 
in the case of silicon obscure somewhat the action of the broken bonds,!? 
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see section 12.4, but the experiments of Glaenzer and Jordan’? confirm 
significantly the established importance of the lattice defect as it has been 
developed here. 
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11.3. HALL EFFECT DATA 


The first point-to-point measurements of the Hall constant and Hall 
mobilities on bicrystals of a nontwinned nature already displayed values far in 
excess of the expected ones.! Conforming to the theory of high scattering in a 
region of over 10'? cm~? dangling-bond states, the mobility was expected to 
be extremely small. The data first reported by Tweet are close to the bulk 


11,3. Hall Effect Data 307 


values for germanium near room temperature and diminish slightly from 
150°K down to liquid helium temperatures for the pure grain-boundary case, 
covering values from 10* to 5 x 103 cm2/V sec. The probe method used by 
this author is not well suited for precise measurements, because positioning 
and surface-contact potential differences can mask the effects, especially 
since the barrier-layer width is of the same order of magnitude as the probe 
diameters. There is no doubt, however, that these original tests already 
revealed the correct fact that carrier transport in these layers is based on a 
somewhat ordered materials structure. 

This was elucidated more clearly by the measurements of Japanese scien- 
tists on bicrystals made under controlled growth conditions, using double seed 
crystals, 

Matukura et al.?*> reported on measurements made with bicrystal samples 
of germanium and silicon, Contacts to the grain boundaries were made by 
microalloy dots. Although photoresponse measurements revealed that 
germanium grain boundaries are p-type and silicon grain boundaries n-type, 
resistivity and Hall constant measurements showed somewhat unexpected 
high values of the mobility parameter. Since the exact width of the grain- 
boundary conduction path is not known, these values are plotted as 


(11.102) 
R*= 


where f = thickness of conduction path, 


For the mobility « = R/p = R*/p*, there is no dependence on #, and p- 
values can be derived directly if R* and p* are known. 

The sample orientation was the one discussed earlier (see Fig. 11.20). In 
these measurements, two main current flow directions were chosen (see 
Figure 11.27). In case A, the current flow is parallel to the dislocation pipes, 
and in case B, the sample is cut perpendicular to the [010] tilt axis, and current 
flow is perpendicular to the dislocation arrays. 

First measurements in the temperature range 80 to 250°K showed rela- 
tively high mobility values for both A and B orientations, but also erratic 
results for low-angle boundaries, probably because of contact problems. (If 
the microjunctions do not rectify properly, essentially bulk Properties are 
measured.) In refined measurements, Y. Hamakawa and J. Yamaguchi* 
showed that there is, in fact, a negligible difference in mobility for the cases 
#, and 1, for the same tilt angle 0 in the medium range (see Figure 11.28). 
They also showed that the temperature dependence of the mobility can be 
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Fig. 11,27  Bicrystal orientation and main current direction in samples: 
A current parallel to dislocation pipes, B current perpendicular to disloca- 
tion pipes. 


explained by the super-position law of scattering processes: 
weg tart + ur, (11.103) 


where 4, = mobility due to lattice scattering restricted by a potential well 


Sux» 

L, = lattice mobility ~ 1.05 + 10?» 7-2-3, 

ratio of surface/bulk mobility (Schrieffer), 

H; = mobility due to ionized impurity scattering (negligible, small), 
Ha = mobility due to scattering of carriers in dislocation stress field. 
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Fig. 11.28 Mobility of holes in grain boundary plane as a function of temperature. 

144 (8°) (2p (12°) p2y (20°) j2y (28°) are the measured mobilities for sample orientation A. 

141 is the mobility for ionized impurity scattering, N = 10'S em=3. 

Ha =scattering mobility (Dexter-Seitz) calculated for different impurity ranges cortespond- 
ing roughly to dislocation densities. 

}4=Iattice mobility for holes in Germanium. 

Hie= surface corrected mobility 41. 


Using the model by Dexter and Seitz, the authors derive a temperature 
dependence of jy: 
Mg = %4*T, (11.104) 
in which 


aT va (11.105) 


ay Be ei) m* 
l-yv 


where A = unit crystallographic slip distance 4? = 5 x 107'® cm?, 

Poisson's ratio = 0.4, 

ko = Boltzmann’s constant, 

m* = effective mass ~ 0.25m, 

£, = experimentally determined field parameter (here = 4.5 eV), 
e = electron charge, 
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one gets 
wg! = 0.311071? Ny + 0.25T71. (11.106) 


The two decisive mobilities in (11.103), 4, and yy, explain, in fact, the form 
of the measured mobility values as /(7’) (see Figure 11.28). The number 
of dislocation scattering centers N, was calculated from the spacing 
D = b/{2 sin (6/2)] and the effective charge carrier concentration in the grain 
boundary p.¢¢ was derived on account of 


Pes(Pen + No) _ No o(- a) 


MoM aa) (11.107) 


where Np = bulk (compensating) impurity density (donors) + 10'? to 10'4 

cm7, 

N, = effective state density in valence band, 

N, © 10'7 to 10'8 cm=3, 

g = degeneracy factor of dangling-bond levels, 
AE, = activation energy of dislocation acceptor level (0.006 + 0.002) eV 

from temperature dependence of reduced Hall coefficient in 
impurity reserve region. 


In Figure 11.29, the relation between the effective hole density py¢¢ (em3) 
and 1/D is plotted. With these data, the analysis of measured mobility values 
is quite reasonable (see Figure 11.28, from Ref. 5). 

We see that with increasing tilt angle, the mobility decreases in accordance 
with y, calculated using the Dexter-Seitz formula, where pi, is essentially 
Proportional to 1/Np. 

#,, the mobility for ionzed impurity scattering, is also shown and is well 
beyond the range of the values in question. The lattice mobility i, for holes in 
the valence band is slightly off the asymptotic value beyond room temperature 
and has to be corrected to ¢j,, where ¢ is the ratio of surface/bulk mobility. 

It is doubtful, however, that these values for Hg Would explain the grain- 
boundary conduction mechanism also in the low temperature range 
(T < 10°K), where total degeneracy exists. We have seen that in this range, the 
complete overlap of the wave functions more or less eliminates individual 
doping differences of the bulk. In Figure 11.28, we have also plotted the 
mobility versus temperature curve derived from values measured and publish- 
lished by Landwehr and Handler (L.H.)® 

According to these values, the room-temperature mobilities are about equal 
to those measured at low temperature (J < 10°K) in grain boundaries. 

Hamakawa et al.* express their surprise that Hy & Hy, or the mobility in 
sample A (see Figure 11.27) is not much higher than the mobility 1, in sample 
B. From the fact that the space-charge pipes scatter the momentum vector in 
case B, but not in case A, one should expect a strong effect on the outcome of 


11.3 Hall Effect Data 31 


Pat 
ia walle, T 7 “rit 
(effective hole 
density) 
x 10"? cm 
10p-— _ Sie 
o=4° O=12 0 = 28° 


1 
—— em 
D 


Fig. 11.29 Effective hole density as function of disloca- 
tion density (linear). (See [11.3, 4].) 


the values. Here we have to consider that the actual hole transport takes 
place within the degenerate region bounded on one side by the dislocation 
arrays and on the other side by the space charge. In either case, A or B, 
this region is a planar structure. Because of the wide extension of the space 
charge (over 10 #, compared with the actual grain-boundary disturbed layer 
width of ~100 A), a smoothing of the pipes occurs and for close overlap 
(tilt angles @ of more than a few degrees) no marked difference between case A 
and B can be found.’: ® (Compare Figure 8.14.) 

From Figure 11.28, it is apparent that the maximum of the mobility in 
grain-boundary layers is shifted toward higher temperatures as the tilt angle 
increases. This is in accordance with the impurity band conduction behavior 
in highly doped samples. However, the pronounced flattening of the mobility 
versus temperature curves in bulk samples with increasing impurity content? 
does not occur because of the effect of the preferred conduction in space- 
charge pipes along the overlapping rows of free bonds. 
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In bulk crystals with an impurity density of 10'? cm~°, the linear density of 
impurity atoms is of the order of 2.2 - 10° cm™!, which corresponds to 2 - 107 
atoms per cm or roughly to a distance of 10 lattice atoms between impurity 
atoms, while for grain boundaries of 10° tilt angle and above (see Figure 11.26), 
the spacing between dangling bonds is also approximately 2 - 10~7 cm. There- 
fore, it is clear that the preferred pipe conduction mechanism is responsible for 
the relatively high mobility values. The flattening of these curves at temperatures 
below 30°K shows the transition from Fermi-Dirac to Maxwell-Boltzmann 
statistics, as it known for degenerate bulk samples, where the distinction 
between impurity levels and conduction-band levels has practically vanished. 
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11.4 MAGNETORESISTANCE EFFECTS 


The galvanomagnetic effects in grain-boundary layers show a number of 
characteristics which add to the picture as derived in the preceding chapter 
and which establish an interesting correlation between grain-boundary and 
thin-film conduction. It is well established that the main carrier flow along the 
grain boundary is carried by the holes in the degenerate valence band bounded 
on one side by the dangling-bond line and on the other by the space charge in 
the bulk. 
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In this sense the grain boundary establishes a thin film and the conductance 
is dependent on the space-charge extension from the grain boundary into 
the bulk material. In tests of different kind, the width of the actual dis- 
turbed layer was measured to be 100 to 200 A, if measured from either side 
of the bulk crystal. Without a bias voltage applied, the pathway for conducting 
holes in a longitudinal direction parallel to the rows of dangling bonds is 
about a factor of 10 larger. Scanning-electron replica of the space charge 
measured without external bias' have to be considered as internally biased 
because of the outer junction shunt as current path and the electron injection 
in the surface scanning mode. We return to this question at the end of our 
consideration of carrier flow within grain boundary layers. 

There are several ways to measure magnetoresistance effects in these 
structures. As shown in Figure 11.30, the current flow | to 2 through the 
grain-boundary sheet G can be monitored in different ways. Contacts 3 and 4 
would give the voltage drop along the boundary and the resistivity—contacts 
1 through 6 are ohmic to the grain-boundary sheet or carry indium alloy 
pellets in the case of germanium. 


Fig. 11.30 Current and field orientations for magneto- 
resistance and Hall-measurements on grain boundaries. 
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Contacts 5 and 6 give the Hall voltage and contacts 7 and 8 to the bulk 
material sides allow one to apply a bias to the grain-boundary space-charge 
layers, 

In such a geometry there are three magnetic field directions: 


1. Hy = transversal magnetic field. 
The magnetic field vector is perpendicular to the current flow but also to the 
grain-boundary plane. 

2. H,,, = parallel-transversal magnetic field. 
The magnetic field vector is again perpendicular to the current flow, but 
parallel to the grain-boundary plane. 

3. H,, = parallel-longitudinal magnetic field. 
The usual longitudinal magnetoresistance for the grain-boundary plane is 
measured. 


It seems that the earliest date of publication of the anomalous magneto- 
resistance in grain boundaries was 1962. G. Landwehr? first reported negative 
magnetoresistance in a germanium bicrystal. 

At about the same time Hamakawa and Yamaguchi? reported careful 
measurements on bicrystals. They found negative magnctoresistance values 
and also oscillatory magnetoresistance at lower temperatures (see Figure 
11.31).* This is the case of the transversal (Hp) magnetoresistance. 

The different cases are 


(Apy(transy)/p,) transversal, 
(Apy,(transv)/p,) _parallel-transversal, 
(Apu, (longit)/p,) parallel-longitudinal, 


where p, = sheet’resistivity. 


As we have seen from the Hall data (see Figure 11.28), the mobility values 
(parallel and transversal case) were defined here with respect to the current 
flow (parallel or vertical to the dislocation pipes) and showed a decrease 
toward lower temperatures and a saturation effect below 10°K with a limit 
value of about 200 to 300 cm/sec/V/cm. The magnetic ficld in this case cor- 
responded to H,, in Figure 11.30. The specific sheet resistivity p,/t (t = thick- 
ness of sheet) was found to decrease clearly at lower temperatures from 
about 20°K on downward. When a magnetic field was applied (see also 
Figure 6 in Ref. 3), G. Landwehr found that at T = 79°K only the longitudinal 
H,, and the transversal, H,,. magnetoresistance values showed negative 
characteristics with increasing magnetic field, and H,, the transversal- 
perpendicular case (see Figure 11.30), showed a positive magnetoresistance. 
This is the situation under which Hamakawa and Yamaguchi measured the 
negative magnetoresistance (see Figure 11.31). Here we have to consider that 
Landwehr did not measure a magnetic field dependence below 79°K. His 
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Fig. 11.31 Magnetic field dependence of transverse magnetoresistance as 
function of temperature (Ge grain-boundary plane). (See [11.4,3].) 


measurements were taken at rather high and constant magnetic fields (5,330 
and 8,300 gauss) for the lower temperature range. He finds that the transverse 
1 magnetoresistance Hy has an abrupt change in sign between 10 and 20°K, 
It changes from a negative to a positive magnetoresistance with decreasing 
temperature (see Figure | 1.32). For the transverse magnetoresistance measured 
by the Japanese authors, we cannot derive this behavior, since here a lowering 
of the temperature clearly enhances the negative magnetoresistance. However, 
a slight change to a positive magnetoresistance can be seen in the curves as 
the magnetic field increases over 5kG. These field values, measured by 
Landwehr, 5,366 and 8,300 gauss respectively, lie in the ascending branch in 
Figure 11.31. It seems, therefore, that the results are reconcilable with the 
assumption that for magnetic field strengths beyond 5kG (Landwehr’s 
values) the magnetoresistance is increasingly positive with decreasing tempera- 
ture. It would be most revealing to repeat Landwehr’s measurements for 
varied magnetic fields, beginning with low field values. The specific tempera- 
ture point at 14°K at which the sign change of the magnetoresistance occurs is 
somehow also the point at which the mobility reaches its minimal value in 
order to attain a saturation value (see Figure 11.28). It is also the temperature 
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Fig. 11.32 Longitudinal magnetoresistance of Ge-bicrystal as 
S(T). (See Landewhr [11.4,2].) 


value at which the Japanese authors found a change from negative to positive 
behavior (see Figure 11.31). Here we can see a similarity between Landwehr 
and Hamakawa et al. It is apparent that for field values H > 5 kG, the positive 
magnetoresistance shows a lesser slope with H, as Figure 11.32 indicates. 
Landwehr already discusses the fact that the grain-boundary conduction 
mechanism is similar to the one in thin films and that a situation of com- 
parable cyclotron radius r and thickness d leads to damped oscillations. 
Since 


(11.108) 


where m* = effective mass, 

v = average drift velocity, 
c x 10'° cm/sec, 

e = electron mass, 
H = magnetic field, 
cyclotron frequency, 
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we can expect a cyclic (trochoidal) path for the electrons when the velocity 
to magnetic field ratio has certain values in order to bring r into the range of 
the mean free path. We shall see that a velocity value of 4 x 10° cm/sec and a 
value of w,=1.5 x 10 radians/sec are reasonable to assume and yield 
a critical value of 


r=—~3-10-5cm, (11.109) 
a, 


'e 


or 3,000 A, in accordance with the grain-boundary barrier-layer thickness to 
be assumed for the unbiased case (or short-circuited case with optical 
injection internally biased). 

In calculating the cyclotron frequency-relaxation time product (angle 
between £ and current), one has 


oe =f (11.110) 
Riwhnd 
= 10-*uLom/s/V om] HEC), (11.111) 


the sheet mobility being 300 cm/s/V/cm. We find that for a B value of 1, 
for example (w, + t has to be of the order of 1 or higher for a resonance to 
occur), 


uf , Gone 
H = 19-8300 ~ 93 10°. (11.112) 
Since B = 10~* ~H applies to a free mass m, we have to divide by 4 for the 
case of m,/imere = 4 (m, = cyclotron mass, Mere = effective mass), which leads 
to ~80 kG. This value was calculated by Hamakawa et al., and their con- 
clusion is that the critical cyclotron field was not reached in their experiment, 
since the magnetic field was an order of magnitude smaller and therefore 
de-Haas-Van Alphen oscillations cannot occur. They point out, however, that 
galvanomagnetomorphic effects (interaction with boundaries) can be res- 
ponsible for the oscillatory magnetoresistance, as we noted above. 
The relation for the Hall angle 6 or the relaxation time-cyclotron frequency 
product 


6 =tw, = 107* p[em?/V sec]H[G] (11.113) 
G = Gauss 


used before is based only on temperature and mass-independent conversion 
factors.* 
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Detailed derivations to find the cyclotron radius r make it necessary to 
know more about the electron velocity at low temperature and the relaxation 
(mean free) time t in the product for 0. 

Since the magnetoresistance measurements were carried out at liquid 
helium temperatures and on germanium as material, we can use the values 
published by Kittel for the measurements of the effective masses by cyclotron 
resonance,° introducing, however, the mobility value marked for grain- 
boundary conduction at liquid helium temperatures. For a cyclotron fre- 
quency f, = 24 GHzor w, = 1.5 - 10" radians/sec, resonance was established 
for H ~ 860 oersteds and m*/m ~ 0.1. 

This corresponds to the value for , according to the classical formula: 


eH 4.8 - 10719 
Oe mite 0.1-9- 10-78- 3-10 G1) 
=1.8- 10° - H[G] [radians/sec], (11.115) 
which for H~ 10° gauss yields 
@, = 1.8 + 10" radians/sec. (11.116) 
With (11.113) or 
o, 
this value of w, gives a mean free time of 
t= 0.55: 107'5 sec (11.117) 
for m* = 0.1 m and H = 10° gauss. 
Or since velocity and cyclotron radius are related as 
TO, =v 
(11.109), 
we can replace @, by (11.113): 
0 
oO,= z 
and get 
0 
v=r-. (11.118) 
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In calculating @ in (11.113), we have not made assumptions regarding the 
cyclotron radius r. Using the value here, which we derived from grain- 
boundary barrier measurements without bias, that is, 3,000 A, we get for the 
average drift velocity from (11.118) 

0-*- 4-H 


v = 3,000: 10-8 ! (11.119) 


Tt 
Now assuming that 
# = 300 cm/s V cm, 
H = 10° gauss, 
and t from (11.117) we have 
v= 2-169 cm/sec, 


a value close to the normally assumed value under the conditions outlined 
before, 

In further measurements of the transverse magnetoresistance Hy on 
bicrystals tilted around the (001) axis (see Figure 11.33 and 11.34), J. J. Busse 
and H. F, Mataré’ also found oscillatory behavior at liquid helium tempera- 
tures and for magnetic fields between 1,000 and 10,000 gauss (see Figure 11.35) 
in accordance with the galvanomagnetomorphic effects discussed earlier. 
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Fig. 11.33 Bicrystal sample orientation, 
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Fig. 11.34 Perspective of bicrystal 
sample arrangement. 
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Fig. 11.35 Transverse magnetoresistance (Ap/pH?) versus magnetic field at 
4.2°K. 


In a model for the conductivity of thin films such oscillatory effects had 
been predicted for metals by Sondheimer.® 
Solution of the Boltzmann equation: 
1 = 
(FE) [e + (2)y x ti] erad, f +vegrad, f = — fs, 
(11.120) 
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where e = electronic charge, 
t = relaxation time of conduction electrons (depending on an absolute 
value of k), 
J =So + f(%4z) or distribution function (function of wave vector k 
and space vector r), 
Jo = Fermi function = [e®-9/*T 4 1]-1, 
¢ = Fermi energy, 
v = electron velocity, 
J, = function of v and z to be determined, 


leads to an expression for the current density similar to the expression 
derived by K. Fuchs for thin films. 
If the determining parameter 


B= 


where a = film thickness, 
r = cyclotron radius, 


is greater than 1, the resistance of the metallic film is oscillating with the 
strength of the magnetic field H. 

Without such boundary limitations, the oscillatory character of the mag- 
netoresistance in bulk crystals of larger dimensions does not appear’? until 
the magnetic field is so large that the cyclotron frequency «, is greater than 
the reciprocal time between collisions in the lattice, or for 


ot>1 (11.121) 


(see Ref. 11). Negative magnetoresistance has been found in bulk samples 
with a major contribution of the surface inversion layer and in samples of 
higher impurity concentrations. Mikoshiba et al.!?-13 based their theory on 
the idea of a localized spin ordering in the impurity band. 

For n-type samples in the impurity conduction range with a phonon- 
induced hopping conduction mechanism, the effect of a Lorentz force can 
actually give rise to a spin ordering among the scattering centers and thus 
decrease the scattering rate, leading to negative magnetoresistance, 

A similar process can be active in the degenerate layer of a grain boundary 
so that the overlapping acceptor wave functions shrink in an increasing 
magnetic field. 

With the mobility values in grain-boundary layers and the relatively low 
magnetic fields applied in the measurements described earlier, it is to be 
assumed that, according to (11.111), the @,t product does not reach into the 
necessary range beyond 1. In IlI-V compound crystals, like InSb and InAs, 
however, with electron mobilities of the order of 10° cm?/V sec, we expect 
this to occur at relatively small magnetic fields. Since 
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@,t = 1078 p+ H, 


we get for 1 = 10°, magnetic fields in the kilogauss range. In fact, oscillatory 
transverse magnetoresistance was clearly measured in these cases at fields as 
low as | to 10 kG.'* A number of cycles have been measured corresponding 
to the different Landau levels in the energy expression for the carriers: 


E=E,+ (» +5)ho., (11.122) 
hkH? 
where Ey = om* and ky the wave vector component parallel to H, 
n= integral quantum number. 


In the general expression for the energy change AE with the magnetic field we 
get with w, = eH/cm* 


‘ 1\ heH 
ed a (11.123) 
or oscillations with a period 
1 eh 
“(a)=aeae eo) 


Such oscillations have now also been found in germanium when the magnetic 
field strength exceeds 5 + 10* gauss. In fact 


ot = 107 nH 


gives a value of 1 for x = 2,000 in this case.'5 

In the case of the grain boundary, we must invoke galvanomagnetomorphic 
effects, as we have seen. The case of the magnetoresistance of thin semi- 
conductor films and surface layers has been treated by Amith'® and is appli- 
cable here. 

Starting with the Boltzmann equation of the kind used by Sondheimer 
(11.120), Amith defines in the distribution function 


S=hoth (11.125) 
the term fy as the Maxwell Boltzmann function for thermal equilibrium: 
: me ye dn*v? + ey 
fo= (sez) exp(- (11.126) 


where 9 = thermal equilibrium density of carriers in bulk, 
w = electrostatic potential. 
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Amith later assumes y = 0, which is not adequate for the grain boundary, 
since a high barrier exists across the grain-boundary space-charge layer. 

If the electric field E is assumed in the x direction and the magnetic field H 
in the z direction, and we neglect products of J, and components of the 
applied longitudinal electric field (E, 00) and the induced Hall field (0,£, ,0), 
the transport equation reduces to 


a er 8 a - 
hte +S Ee h- BRL = TPB, cose +E, sin €], 
where 
v, = vcos €, 
oe ceene: (11.128) 
=o. (11.129) 


B is again introduced as decisive parameter—see (11.110)—and is the variable 
plotted as abscissa in magnetoresistance measurements. (In this case, the 
mobility is an unknown factor). For the solution of (11.126) assumptions 
with regard to the scattering mechanism at the boundaries of the potential 
will have to be made. If diffuse scattering is assumed at the inner barrier 
toward the grain boundary, the distribution function for carriers leaving this 
plane must be independent of direction; that is, f, must vanish in (11.125). 
For specular reflection at the outer potential well (toward the bulk) only the 
z component of the velocity is reversed. Therefore, Amith uses two distribu- 
tion functions to describe this system. From the expression for /;, the current 
densities are expressed by volume integrals: 


J,= e ffrets dv, dv, dv, , 


(11.130) 
J,= effet dv, dv, dv, 
Introducing average current densities J, one can finally express 
a a 
mm Ro eT Tea 
Jam Exp aal — A) + BE lB) 
= (11.131) 


J, = By Bll -A)- BE al - 8), 


where A and B are grain-boundary scattering parameters in one case and 
é is the mean conductivity 


G=fep (11.132), 
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where 
s ey 
n=n,S/d, S= J, dz exp(- a) 


d = space-charge-layer thickness. 
From the current densities (11.131), one can derive Hall coefficient and 


magnetoresistance. 
Assuming no net current in the y saree J, in (11.131) is zero, and thus 
—-B 
" 11.133) 
E,= BE. (11.133) 
With the first equation this ‘en 
J,= A+? — (11.134) 
1+ TRE -AS ‘ 
Since the magnetoresistance is given as 
J; 
=1-~——_.,, 11,138) 
Ma" TH =0) a 


we have in this case 
1— A+ B(1 — By(1 — A) 


Mat=—_i+edea), * 


(11.136) 


where 4° = A for H =0. 


The expressions for the scattering parameters A and B are complicated 
functions of B and a factor 


2kT) 

and have been derived in two sets. Amith assumes two different functions 
for the two kinds of carriers, since for one the attractive potential may be 
coupled with diffuse scattering and for the other this potential is coupled 
with a specular reflection (on the potential incline). 

It is by no means certain that the actual path for hole conduction along 
a grain-boundary sheet would be bounded by two different scattering mecha- 
nisms. The layer of a clean and straight line of broken bonds that have 
accepted electrons may be as flat as an abrupt impurity density change or 
a surface barrier, and both sides would have to be treated as similar scatterers. 
In any event, the form of M (11.136) as a function of f, even under the 
general assumptions of two different scattering mechanisms, shows clearly 
oscillatory character for values in excess of 

B=1 and K=1, 

as shown in Figure 11.36, calculated by J. J. Busse’’. Sce also Ref. 16, 
Figure 2. 
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Fig. 11.36 Calculated magnetoresistance for model of grain 
boundary (J. Busse). 
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11.5 TRANSPORT ANISOTROPY 


In this Section another peculiarity of carrier transport across bicrystal 
interfaces and parallel to the interface is considered. Although the preceding 
section drew attention to the special aspects of magnetoresistance, we now 
describe the behavior of these interfaces when minority carriers are in jected 
and lifetime is measured. 

In looking at the proposed grain-boundary band models, as discussed in 
Section 11.1 and shown in Figure 11.3 or 11.23 for the nondegenerate case, 
it is clear that longitudinal conduction in the sheet is by holes and that a high 
n-p-n-barrier shows the behavior of ordinary -p-n structures when subjected 
to injection. That one has to take into account the high quantum yield for 
photon injection at such a dislocation line and a hook effect, that is, carrier 
multiplication at one p-n interface, became clear after extended lifetime 
measurements. In such measurements, the point of injection has to be variable 
across the bicrystal surface, and the collector probe should be adjustable. 
Figure 11.37 shows such an arrangement schematically. 

The collector C is adjustable at the microscope table. It is also shielded to 
minimize pickup of noise and other static disturbances. The cable leads to the 
amplifier and the filter, which passes only the light modulation frequency w, . 
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Fig. 11.37 Lifetime measurement equipment scheme. 


The illumination source L is modulated by the usual disk with hole openings. 
The bicrystal B fixed to the microscope tabletop can be moved in two direc- 
tions with the microscope table. This is measured by the micrometers My, and 
M,. The microscope is directed toward the bicrystal top to adjust the light 
injection point or line to specific areas of the bicrystal. 

A photograph of this setup is shown in Figure 11.38 (see also Ref. 1). The 
method is a modification of the known Haynes-Shockley method? as applied 
to a practical equipment built up by Valdes* (see also Appendix). 

Ordinarily, for monocrystals, the results of lifetime measurements are 
expressed in terms of a single lifetime parameter t, which is assumed to be a 
homogeneous parameter of the crystal. The results of such measurements on 
bicrystals do not lend themselves to this interpretation, since the crystal is 
subdivided into three distinct areas if the light injection point and the collector 
probe are on different sides of the grain boundary. These measurements show 
in an amplified form what can happen to an injected signal within a crystal 
with a dislocation structure in the pathway of the carriers. 
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BINOCULAR 


Fig. 11.38 Photograph of set-up for lifetime study on bicrystals. 


Figure 11.39 is the typical result of a measurement. The moving light line 
(or point) passes from its initial position at the collector probe (contact point) 
away from the collector, and the signal pickup (in millivolts) decreases as is 
expected. But the slope on semilogarithmic paper does not linearize within a 
short distance (20 mils) from the grain boundary, because the bulk lifetime of 
~t, = 20 psec is causing a diffusion length of 


L, =,/D,1, 3-1 cm, 


or approximately 10 mils (D, = 40 wie Therefore, the hole-sink behavior 
of the boundary predominates under the light injection. When the light spot 
reaches the grain-boundary barrier, the signal is strongly increasing until the 
other side of the n-p-n barrier is reached, and from here on an apparent life- 
time of ~1,000 usec appears. This is not the real lifetime of injected carriers 
but a new quantity measuring the photoelectronic yield of the n-p-n structure 
under photon injection and carrier multiplication. 

The relatively high injection efficiency of the n-p-n grain-boundary interface 
explains the often unusually high carrier density with respect to the high 
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Fig. 11,39 Photovoltage pick-up of collector point with light spot moving across bicrystal 
boundary (G.B.). 


photovoltage when the light reaches the other side of the grain boundary 
(away from the collector probe). This can give very puzzling results when the 
collector probe is far away from the boundary, and the signal may increase 
beyond the value found at the collector side of the boundary (see Figure 11.40) 
The lifetime t, is indicated only as a parameter but has to be interpreted here 
as a measure of the high quantum yield of the grain boundary. That the 
phenomenon is definitely linked to the light sensitivity of the n-p-n structure is 
shown in the next diagram where the photovoltage pickup is plotted for three 
different collector-positions (a, b, c) with respect to the grain boundary It is 
clear that the collector field, when penetrating the grain-boundary barrier 
Partially eliminates the carrier enhancement because of the depression of the 
n-p-n barrier by the negative collector field (see Figure 11.41). This is similar to 
the case of varied collector bias. As the bias is increased, the collector field 
can reach into the grain-boundary barrier field and eliminate the carrier 
multiplication (see Figure 11.42). Also a quenching of the photosensitivity of 
the grain boundary by light is visible. Illumination of the moving spot to 
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Fig. 11.40 Same as Figure 11.39. 


high intensity somehow overshadows the barrier effect and also accounts for a 
higher apparent lifetime because of hole saturation (see Figure 11.43). 

In all these cases, however, the unusually flat decay (long lifetime) when 
injection point and collector probe are separated by the grain boundary, points 
to a fact known as the hole-sink behavior of the dislocation line. Since the 
grain boundary cuts the crystal in halves, the n-p-n structure operates like a 
new injection area of large extent, and the decay curve can no longer be 
compared with the one for a point source. Also the boundary acting as a 
hole sink, one has to consider the diffusion equation with a sink at x = x,(x, = 
center of grain boundary): 


div grad m= E(t -2), (11.137) 


where , = added hole density, 
tD = L} = (diffusion length)’, 
t = carrier lifetime, 
D = carrier diffusion constant. 
In cylindrical coordinates and with a light line at r = 0, this equation reads 
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dn, dn, n, r 
Deny lp ot) oy 13 
a ty dr LL (1 7) C188) 


where r; = sink coordinate. 
Since, by definition, r = L,x, this becomes 


(11.139) 
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Fig. 11.41 Photovoltage decay curves for three different collector Positions with respect 
to the boundary plane. 
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Now three different ranges for the solution have to be considered: 
1. x, > x. The boundary location outside of the range is considered. This is 
the normal case with the solution 
@inV_ @lnn, 1 H§Y(ix) 
a a ee 11.141 
or or L, iH(ix) ) 
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Fig. 11.43 Two photovoltage decay curves for high and low intensity light spots. 


where H§" and H{") are Hankel functions of first rank and of zero and first 
order, respectively. A simpler expression can be derived for the point light 
source.* In this case 


OP > OF 
2. x, = x. The point considered is at the grain boundary. From (11.140) it 
follows that 


@lnV_ dina, -( *) (11.142) 


olnn, 
or 


Ip 


=Inr. (11.143) 
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For the normally small value of r, this means that a small or at least decreased 
value of the slope is found. 

3. x, <x. This describes the case where the light point has crossed the 
grain boundary and is on the other side of the crystal. Here the sink behavior 
alone cannot give a full explanation, as described earlier, since now the 
geometry of the set up has changed basically and the collector sees a large 
source of minority carriers that has a high quantum efficiency also. 


In this respect, the dislocation structure with a built-in stress field and a 
resulting gap widening is an efficient injector area. Conversion of one side to 
p-type and application of an ohmic contact result in a structure as shown in 
Figure 11.44. The gap difference E adds to the applied bias voltage V, 
between the quasi Fermi levels Ey and £,, and enhances the hole flow 
toward the n-type side, increasing at the same time the barrier for electrons 
toward the p-type side. 


N 


1Ez 
le~ 7, 


SSSSSSSS 


R 


Fig. 11.44 Grain boundary plane as efficient minority carrier injection zone. 


In this picture, the barrier height is not taken into account. This barrier 
height is actually strongly enhanced by an applied voltage because of the 
filling of available grain-boundary levels, as derived in Section 11.2. 

To a great extent, the influence of a grain boundary on carrier transport is 
defined by: 


1. The position of the dislocation acceptor levels 
2. The barrier height 
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As shown earlier (9.26) the fraction of volume occupied by the space- 
charge tubes can be obtained from the measured carrier density and the 
distribution function f(T): 


Nz _ f(T) 
ee Ae 144 
os CNN (11.144) 
and is therefore a function of temperature and the actual acceptor energy F,, 
of the dislocation, since 


f- 1 
~ 1+ exp[(E, — Ep/kT]' 


This energy E, varies with the kind of dislocations Present and with respect to 
their density, For a high dilution in bent samples, the level is generally 
assumed at 0.2 eV below the conduction band (see Chapter 9, Ref. 2). (This 
would correspond to a value of 0.54 eV from the top of the valence band for an 
assumed gap of 0.74 eV at 103°K). 

For low-angle boundaries, R. K. Mueller finds a level (above the valence 
band) of £, = 0.06 eV for temperatures below 250°K. This value relates to 
grain boundaries, grown with small tilt angle between 1 and 4°. For grain 
boundaries of a higher tilt angle, @ = 4° ~ 6°, Mueller finds a level E, < 0.04 
eV. For even larger misfit angles (12° and higher), Hamakawa and Yama- 
guchi’ find a level roughly a factor of 10 nearer to the valence band. In other 
words, as the degree of degeneracy increases, the dislocation level approaches 
the top of the valence band. 

The other important quantity, the barrier height ¢, is a quantity measuring 
the energy difference from the bottom of the conduction band to the barrier 
top (see Figure 11.25). We have seen that ¢ is bias-dependent (see Section 
11.2). In equilibrium, ¢ is a measure of the intrinsic barrier. With a bias 
V <kT/e applied, the apparent barrier height increases. The increase in state 
density is not considered in Ref. 6 (see Section 11.2), but for higher voltages 
it remains practically constant. 

As we have seen before (Section 11.2), the potential drop across the barrier 
is 


(11.145) 


kE? 
een? (11.21) 
where E = electric field, 
k = dielectric constant, 
n= impurity density in bulk, 
and with (11.23) 
ky \¥2 
I= (==) , (11.146) 


where / = barrier thickness, 
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The total space charge is then 
1/2 
Q=enl= () d (11.147) 
Therefore, the capacitance is 
ken\ 1/2 
c= 8- (=) ‘ (11.148) 
and under the applied bias: 
V.=(V, — V2) >0, 
where V;=V.+¢,, ineV; 
V2 = 2» 
on either boundary side. Thus, the reciprocal capacitance is 
1 8x 1/2 
27 (Fe) Wet oo"? +897) (11.149) 


(compare Section 11.2, Ref. 1; here we have neglected a possible difference of n 
at either barrier side). Generally, ¢, = ¢ = ¢. R. K. Mueller finds ¢ > 0.66 
eV. He also refined these considerations to include the difference between 
o (zero bias) and the height ¢¢ to the barrier at points where the hole density 
is equal to the donor concentration N,. For zero applied bias 


N, 
$= 2kT In—, 
nm 
where n; = intrinsic density. 


Tf bo — 66 = O, (11.149) is correct. For a difference between @ and oj, the 
apparent barrier height $4 has to be used in the C determination, for which 
case Mueller derived a set of equations. Measurements of the temperature 
dependence of grain-boundary capacitance values show that 


b0> $6 
(see Figure 11.45). 

This difference decreases with decreasing temperature, where $9 = $5. 
C-measurements at lower temperature, however, are difficult because of 
increase in relaxation time. 

The most important fact is that the capacitance values become frequency- 
independent for temperatures below 280°K and are practically frequency- 
independent for frequencies in excess of | Mc/sec (see Figure 11.46). Taylor, 
Odell, and Fan (Section 11.2, Ref. 1) measured values between 150 and 600 pF 


Conduction 


Fig. 11.45 Potential distribution at grain boundary. (After 
Mueller [11.5,6}.) 


in the frequency-independent Tange above 1 Mc/sec. Measured areas were 
not indicated, but since these measurements were carried out between probes 
on thin samples, their values seem to agree with those published by Hamakawa 
et al.,” who find values of 2,200 to 3,700 PF/cm’, or 22 + 37 pF/mm?. 

Since the field lines between probes at high-resistivity samples show a con- 
siderable spread, a capacitive area of 10 mm? and more in the case of Taylor 
et al. is quite normal. 

Table 11.5-1 gives a useful list of properties of grain-boundary samples, 
measured by Hamakawa et al.” 

The capacity values for the samples with || orientation are about twice as 
large as those measured at the L samples, since, in the first case, the grain- 
boundary plane was contacted, and, in the second case, measurements were 
carried out between the n-type bulk contacts (two C values in series). The 
barrier height @ was measured by capacity versus voltage teadings. 
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Fig. 11.46 Capacitance versus frequency. (After Taylor, Odell, Fan.) 
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Table 11.5-1 Properties of the Grain-boundary Barrier 
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Sample 
orienta- Dislocation 
tion and Donor level 
current Concen- E2,eV 
flow with trationin —_Break- Capaci- (from Barrier 
respect to bulk, down tance, valence height 
dislocations — cm-3 voltage, pF/cm? band) $,eV 
4 Il 2,200+200 0.030.002 
1,3-10'* — 190-220 0.3140.015 
Cha 900-480 
12° || 3,4504250 — 0,006-0.002 
11-10% 160-210 0.3240.015 
12°14 1,600+100  0.010+0.002 
28° || 3,700+180 — 0,003+0.002 
3.4-10'* 120-160 0.34+0,02 
28° | 1,700+100 — 0,005+0.002 
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11.6 FIELD EFFECT 


The field effect is commonly an expression for the conductivity—or, more 
generally, impedance—modulation of a conducting channel by a variable field 
or potential. In order to achieve measurable results, the field influence has to 
affect a major part of the cross section of the current path. As is well known, 
the early approaches to the field modulation of thin semiconductor films 
(patents by O. Heil, 1935, and subsequent work by Shockley and Pearson’ 2) 
showed that only a small part of the induced charges (~10 per cent) are 
effective in changing the conductance. At this point, the well-known Bardeen 
surface states gave the necessary explanation? for the immobilization of 
charge carriers in centers at the free semiconductor surface. Shockley later 
described in a classical paper how these surface states can be eliminated by 
the use of junction space-charge layers within a semiconductor so that essen- 
tially a bulk channel is being modulated.* This started further work on 
unipolar transistors and lead to the now commercially important versions of 
field-effect transistors of all variations. It finally became possible also to 
field-modulate semiconductor surfaces efficiently when the natural surface 
inversion layer is made the current-carrying medium, as is the case in many 
metal-oxide-semiconductor structures (MOS technology). 


INDIUM CONTACTS 


BULK CRYSTAL, 
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Fig. 11.47 Bicrystal Field Effect 
measurement. View of Dewarmount 
and circuit. 
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In the case of the grain boundary, the n-p-n structure of grown bicrystals 
prompted laboratory work to use the inner p layer directly as a base layer for 
transistor like devices. This proved inefficient, since in a transverse mode the 
dislocation array is a layer of high recombination velocity for holes. In 
early measurements on bicrystals, the dislocation array or the p-type layer 
was used, therefore, as emitter contact, and the adjacent n-type layers were 
connected as base and collector contacts.* In this case, however, the base 
configuration is poor because of high spreading resistance and does not allow 
optimization of the current multiplication without complicated diffusion and 
alloy steps. 

In physical measurements on bicrystals, it was found that the sheet con- 
ductance shows a remarkable independence of the actual degree and kind of 
bulk doping (see Section 11.1). This and the fact of the temperature independ- 
ence suggested a field modulation of the layer conductance by a voltage 
applied to the bulk sides of a bicrystal (see Figure 11.47). For the geometry and 
circuitry for such measurements see Figure 11.48. The geometry to maximize 
the voltage influence on the sheet barrier has to be such that dw/l is maxi- 
mized. The voltage V, is applied between the bulk crystal in the forward- 
biased terminal of the slab. Figure 11.49 shows the results for three different 
bulk doping ranges. Obviously, this modulating voltage decreases the barrier 


J, alloyed contacts 


” ~ type bicrystal slab 


boundary 
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Fig. 11.48 Sample geometry in field modulation studies on bicrystals, 


Sheet current, x amp 


o 1234 567 8 9 1011 12 13 14 15 
Modulating voltage V, 


Fig. 11.49 Sheet current /, as function of field voltage V; for 
constant sheet voltage V, for three resistivity values of German- 
ium bicrystals (measured at 4.2°K). 


width and the sheet current. This effect, however, is more pronounced for 
lower-resistivity material (junction leakage smaller, measurements at 4.2°K). 
It is also found that the linearity of the sheet current is better maintained for 
high-resistivity material (see Figure 11.50). The reason for this can be found 
in the fact that a self-modulation sets in as a consequence of the nonlinearity 
of the bulk voltage distribution (see Figure 11.51), which is enhanced in low- 
resistivity bulk material and because of the nonlinearity of the barrier- 
layer J-V characteristics. For the arrangement in Figure 11.47, one finds a 
sheet current versus field voltage characteristics as given in Figure 11.52. Here 
the sheet voltage V, is parameter (measurements at liquid helium tempera- 
ture). 

Plotting the sheet current versus the sheet voltage (usual plot) with the 
field voltage V, as a parameter gives a graph, as in Figure 11.53. Here the 
characteristics for liquid nitrogen temperature (a) and liquid helium tempera- 
ture (b) are plotted. The influence of the field voltage on the sheet current is 
higher for the low-temperature range because of a minimization of the junction 
leakage through the bulk (see also absolute value of /, in both cases). 
Although the sheet -V characteristics changes little in form for a change in 
temperature (sce Figure 11.54), the spread of the sheet characteristics with the 
applied field voltage increases with decreasing temperature (see Figure 11.55). 

The physical model for this kind of field effect is quite different from that of 
the field effect described by Shockley.* In the usual case, the width of the 
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Fig. 11.50 Sheet current versus sheet voltage at 4,2°K for three 


different resistivities. Saturation effect increases with decreasing 
resistivity of the N-type bulk, 


channel of majority carriers is pinched by a progressing space charge as the 
field voltage increases. In the bicrystal case, the conduction medium is the 
space-charge sheet surrounding the sheet of negative charges in boundary 
states. To analyze this case, a more general approach has been used by 
Weinreich and carried through by Mataré.® With the sample dimension 
indications in Figure 11.48, the channel conductivity is 


wid 


T° (11.150) 


GoGo; 
where ¢9 = conductivity in channel, 
w = channel width, 
d = lateral channel extension, 
7 = channel length. 
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Fig. 11.51 Self-modulation of sheet current due to different voltage distribution along 
bulk and sheet. 
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Fig, 11.52 Bicrystal field effect, Sheet current 
versus field voltage (parameter sheet voltage). 
T= 4.2K. 
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Fig. 11.53 Bicrystal Field Effect. Sheet current versus sheet 
voltage with field voltage as parameter for 2 different 
temperatures; (a) liquid Nitrogen, (6) liquid Helium. 
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Fig. 11.54 /-V characteristics of a Ge grain boundary at different 
temperatures. (V; = 0). 
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Fig. 11.55 Grain boundary field effect. Sheet current (/2) versus shect voltage (V2) with 
field voltage (V;) as parameter for (a) 300°K, (b) 78°K, (c) 4.2°K. 


Now 
o> = enn, (11.151) 


where e = electron charge, 
= mobility in channel, 
n= carrier density in channel, cm~>. 


Thus the total conductance of the channel is 


a= neue (11.152) 


We can also define the total charge Q within the channel as 
Q=newd: 1 (11.153) 
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and write 


eee (11.154) 


BIO 


This form of the conductance is useful in order to describe the grain-boundary 
sheet conductance when only the charge per square is known and the width 
w remains unknown: 


q 
a= Hes. (11.155) 
The sheet current can be expressed by the sheet conductance: 
I,=0,'V,, (11.156) 
and with (11.154) 
Landy, (11.157) 


ard (11.158) 
and considering that 
ijn (11.159) 
we get: 
Va 
a (11.160) 
or with (11.157) 
2 


fom (11.161) 


2 


for the sheet current as function of total charge and transit time. In this form 
Q can be assessed by capacity measurements, since the variation of the 
current J, with the field voltage V, is the important quantity here and can be 
written as transconductance: 

ei G(Qit,) _ 10Q_ AC 


a as 1. 
oy, 8, (hite2) 
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AC, the capacity variation with field voltage, can easily be measured as 
1,/0V,, also resulting in a measurement of 7,. 

These equations have been applied in order to assess the actual values in 
grain boundaries. For example, for the sample with the characteristics in 
Figure 11.50 and the dimensions 


d= 0.015 in. 
7 = 0.015 in. 


a transconductance g, of 1 mA/V was measured. C was found to be 2 x 107!° 
farad. This leads to 


With (11.161) and a known channel current /, = 5 mA one finds 


5 
Q=2°1077: ie 10°? coulomb. 


Since 1 coulomb = 3 - 10° + 10'° electrons, Q corresponds to 0.63 x 10'° 


4.77 
electrons. 

Thus Q corresponds to a carrier density of 6.3 x 10° unity charges present 
in the space charge layer in order to compensate for the electrons in dangling 
bonds. With a grain-boundary area of the sample in question of 150 x 13 mils 
or 0.0125 cm?, the charge density cm™? is then 


q _ 6.3109 _ 


1G. fee a ae 11, 
Ooo ee 


This agrees well with the density measurements made by other methods, 
which all lie in the 10'? cm~? range (see, for example, Chapter 9, Sect. 4). In 
comparing the measured values at the dislocation sheet for t, and V, with the 
resulting mobility value according to (11.160), one finds, for example, for 
V, = 5 volt, / = 13 mils = 3.3 x 107? cm, and 1, =2 x 1077 sec: 


__P_ 105x 10 
Vat, 5x2x10-7 


BL 


~ 10° cm?/V sec, 


a value that is on the high side but of the correct order of magnitude (see 
Section 11.3). 
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11.7 PHOTOELECTRIC EFFECTS 


As an n-p-n structure, the grain-boundary layer is a zone of internal electric 
fields. When a p-n junction is subject to photon injection, the Fermi level ¢ is 
shifted from its equilibrium position so that the barrier is lowered, the shift 
Ad of the electrostatic potential corresponding to the difference between 
the equilibrium value $,,;, and the value oy caused by the injection (see 
Figure 11.56). $, corresponds to the case of a forward-biased junction. The 
relative positions in the energy scale between the Fermi level and the lower 
edge of the conduction band in the n-type side (é,) and the Fermi level and the 
upper edge of the valence band in the p-type side (,) remain unchanged. 

As in the case of the normal p-n junction, electrons have diffused toward 
the p-region and holes toward the n region until equilibrium is set up. This 
equilibrium state is synonymous with an internal barrier built up to stop 
further flow of carriers. The remaining ionized donors at the n-type side 
and the acceptors at the p-type side form the blocking layers. 

A more detailed description of the dynamic equilibrium involves diffusion 
and injection of carriers. If no light is injected, the potential barrier of height 
¢ does not block a certain number of carriers with sufficient energy to pass 
over this barrier. Their number is given by the Boltzmann factor. In a 
closed circuit they give rise to a current 


I, = const e~#/8? (11.163) 


that is balanced out by the thermally freed carriers swept across the barrier, 
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forming a current 
l= ~ eo Fs all (11.164) 


where D = hole diffusion constant, 
P,, = hole concentration at n side, 
n, = electron concentration at p side, 
L,, L, = hole, electron diffusion length, 
b =electron/hole mobility ratio. 
Thus in equilibrium J; = —J,. 
If the junction is now subjected to light, hole-electron pairs are injected, 
shifting the barrier height for the amount 
Ad = Sequin — Pr (11.165) 


Conduction band 


Valence band 


(a) 


Electron energy 
—S 


co) - 
Conduction band 


Valence band 


(Ad = eV, = equ — Op) 
P.qu,* equilibrium value of electrostatic potential 


G ~ forward bias-shifted potential value 
T= Fermi lovel (soo text), 


Fig. 11.56 (a) p-n junction potential distribution at equilibrium. (4) p-n 
junction (open circuit) with built-in field generated by a photovoltage due to 
injected photons. 
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(see Figure 11.56). This causes a current: 
1; = const e~4¢/T (¥ and Ag in eV), (11.166) 
The light generated current in a closed circuit is then 
L=L+h=l-1, (11-167) 
and with (11.164) and (11.165) 
1, = const, e@eanilhTedr/kT _ 
I, = 1,(e74#rT _ 1), (11.168) 


where Ag, is the shifted electrostatic potential due to light injection, which 
corresponds to an external voltage V, = ¢,/e. The carrier injection generates, 
therefore, a voltage at the junction amounting to 


r= Din(1 +4), (11.169) 
e Ty 


The thermal diffusion current J, is Proportional to the number of thermally 
excited minority carriers: 


Te Guns 


and the current J; is basically proportional to the number of electron-hole 
pairs g,, generated by the photon injection. Thus 


r= 2 in( +H) (11.1696) 
e Ith 

As seen in Figure 11.56, the junction illumination causes a built-in field Ad, 
separating the generated electron-hole pairs. The additional free holes are 
drawn by the field toward the p-type side and the free electrons toward the 
n-type side, thus decreasing the space charge and lowering the barrier. The 
maximum photovoltage one may induce by injection is therefore given by 
the original barrier height Pequ+ If now the barrier height increases with a 
reverse voltage applied, as is the case for one side of the grain-boundary 
n-p-n structure, the electron-hole pair generation is enhanced. Even without 
an additional external voltage applied, the injection-generated internal bias 
voltage V, on one side of the barrier impresses a reverse bias on the other side 
through the outer circuit and thus increases the number of occupied dangling- 
bond states to (see equas. 11.40) 


a= felis (14 2)", 1.170) 
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This again leads to an increased barrier height: 


soe oat (oT) 


(11.171) 


(see Section 11.2). Since both junctions are separated only by the very small 
innermost dislocation array of about 100 A width, the injected carriers there- 
fore actually decrease one barrier side while increasing the other. Since the 
dominating barrier for the carrier separation is the higher one, the injection 
current causes an increase in quantum efficiency above the one for normal 
n-p-n or p-p*-p structures, 

Before entering the difficult field of the spectral response and quantum 
efficiency, we describe the barrier and its photo-response. The total barrier 
shows the spacial potential distribution as given in Figure 11.57. Here the 
degeneracy is expressed by the fact that the valence-band top crosses the 
Fermi level at the barrier center. Under an external voltage V,, the total 
potential at the left is the sum of V, and the intrinsic barrier potential. If 
germanium is assumed, a number of levels are introduced in the gap, 
as we shall see. For the purpose of representation, only a typical mid- 
band level at 0.42 eV from the top of the valence band is shown, which was 


hy =Eg-Ey=AE 
e |X} © 


< 


We 


Fig. 11.57 Band scheme at grain boundary layer. V, = V; — V2 = external bias voltage. 
AE and AE’ = energy differences from valence band to dislocation level respectively from 
dislocation level to conduction band. 
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also identified. In the case of injection of photons with energy hy smaller 
than the band gap but larger than 0.42 eV, electrons may be lifted from 
the valence band to the interband level, leaving free holes behind (see 
below). The interesting aspect of this structure is the strongly localized photo- 
sensitivity. The bicrystal represents a left-right discriminating device of highest 
photoelectric sensitivity. Since the grain-boundary barrier acts as a hole sink, 
the current flow reverses when the barrier Position with respect to the light 
injection point is changed (see Figure 11.58). This results in a characteristic 
of the kind shown in Figure 11.59. As the light injection point moves across 
the bicrystal toward the boundary, the photovoltage increases and reaches a 
peak where it reverses in a steep fall to a negative peak, fading to zero as the 
distance increases, Although here monochromatic light was injected, the 
resolution does not suffer when a normal broad band light source is used 
that contains the frequency of the basic gap energy. Highest displacement 
resolution is achieved for minimized space-charge extension. This is seen 
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Fig. 11.58 Electron-hole separation in bicrystal under illumination at different sides of 
grain boundary (closed circuit), 
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Fig. 11.59 Photovoltage measured at bicrystal for migrating light-injection point. 


from measurements on p-p*-p structures (bicrystals) grown from p-type 
material of a doping not exceeding 10'7 to 10! cm~*. Figure 11.60 is the 
displacement characteristic (photovoltage versus displacement x) for a 
bicrystal with tilt angle @ = 20° of the usual orientation, as indicated before.’ 

R. K, Mueller? pointed out that a voltage pulse applied across a grain 
boundary increases the barrier height to a value practically independent of 
the height of the barrier before the pulse. At low temperature, slow surface 
states can maintain this barrier height for a long time. Transient responses to 
a pulse, however, would depend strongly on the state of the boundary prior 
to the pulse and therefore provide a signal indicating the boundary condition. 
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Fig. 11.60 Bicrystal photoresponse curve with 
displacement resolution of 0.1 V/10 y.. 


Such signals may be of small radiative energy. Mueller indicates a minimum 
radiative detectable power of the order of 


P= 107"? to 1074 watt 


under sensitive conditions. 

Such values were later measured? at liquid nitrogen temperatures. At this 
time also anomalies in the spectral response curves were detected. The response 
curves showed distinct energy levels in the long wavelength region at 1.3, 
1.6, and 1.72 y and a general extension of the response toward smaller eV 
numbers. 

These measurements were partially confirmed by later measurements on 
bicrystals, revealing also levels at 1.3 and 1.6y, but additional fine structure in 
the low-wavelength part of the photoresponse curve.* More measurements, 
especially concerning the role of the bias voltage, were started by Mataré, 
Cronemeyer, and Beaubien on grown 20° bicrystals.* The typical equipment 
setup is shown in Figure 11.61. Preliminary studies of the optical transmission 
of bicrystals and monocrystals of the same bulk material did not reveal any 
difference. This study was concerned particularly with (a) the extension of the 
photoresponse of a bicrystal to both larger and smaller photon energies as 
compared with single crystals, (6) the change of photoresponse asa function of 
temperature, and (c) the change of photoresponse as a function of applied 
bias. 
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Fig. 11.61. Schematic of photoresponse measurements on bicrystals showing optical 
path in a Perkin-Elmer model 112 single beam double-path photometer. 
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Fig. 11.62 Photoconductivity versus photon 
energy for germanium bicrystal and a p-n junc- 
tion (at liquid nitrogen temperature). 
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The photoconductive mode (ohmic In contacts to the grain boundary) 
already revealed a marked difference between a dislocation plane and a 
p-n junction. The result is shown in Figure 11.62. 

Although the major peak remains at the point typical for germanium 
(0.7 to 0.8 eV), the fall-off at lower photon energies is quite different. Thres- 
holds appear at 0.65 and 0.42 eV. A similar behavior has been noted by 
Galacki et al.° on plastically bent germanium samples. 

The change of the photoresponse of a biased bicrystal with temperature is 
evident in Figure 11.63. The room-temperature response appears normal (the 
peak of the response for a germanium monocrystal lies at 0.708 eV for room 
temperature), but the response at 80°K is considerably enhanced for the long 
wavelength region. The threshold is the same as in the photoconductive 
mode (see Figure 11.62). 
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Fig. 11.63 Photovoltage versus photon energy 
for bicrystal wafer with bias applied at room 
temperature and liquid nitrogen temperature, 


Finally, the extension of the spectral response of a bicrystal due to a bias 
voltage (increase in effective barrier height) is shown in Figure 11.64. This 
curve is taken at 80°K. It is thus concluded that the effectiveness of a bias 
potential is more pronounced for lower temperature. 

It is apparent in Figure 11.64 that the extension of the photoresponse due 
to a bias field (of less than 1 volt) is considerable in both the long- and short- 
wavelength regions of the spectrum. More detail has been found within the 
short-wavelength region with thresholds at 0.85 and 1.22 eV at room tempera- 
ture (0.95 and 1.32 eV at 80°K).” The measured photoresponse in the region 
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Fig. 11.64 Spectral response of a bicrystal (photovoltage) at liquid nitrogen temperature 
with and without bias applied. 


from .8 to 1.8 zis shown in Figure 11.65. In all cases, the peak value corresponds 
to the band-to-band energy for the particular temperature applied. The 
dislocations introduce additional levels that, in coherent form, as in grain 
boundaries, can give rise to remarkable sensitivity extensions. It is impor- 
tant to calibrate correctly the spectrometer set for equal incident energy in 
order to avoid such findings as a decrease in photoresponse toward the 
fundamental absorption edge, which can produce erroneous readings.* 

There have been attempts to explain these extensions of the photoresponse 
curves for bicrystals. Obviously the explanations have to differ fundamentally 
for the areas beyond and below the fundamental peak value. A more detailed 
consideration regarding the band structure of a grain boundary is needed to 
explain also the many response edges that indicate interband and intraband 
processes. 

Starting with the long-wavelength extension, it has to be noted that this 
result is known also from response measurements on p-n junctions when 
amphoteric doping (Zn-As or Zn-Sb) is applied.° 

Impurities like copper and gold also extend the frequency response, as do 
random dislocations. The fact that in most diffusion and alloy processes a 
considerable number of dislocations is generated explains why most p-n 
junctions display such a frequency extension even if produced from disloca- 
tion-free bulk crystals. As copper introduces a number of interband levels 
(one at 0.26 eV below the conduction band and two at 0.33 and 0.04 eV above 
the valence-band edge), so dislocations introduce a series of acceptor levels 
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Fig. 11.65 Photoresponse versus optical 
wavelength for bicrystal: A at T= 300°K; 
Oat T=77°K. 


near the valence band (see Section 11.5) in addition to a midband level at 
0.42 eV. 

The particular aspect of a bias-induced extension in bicrystals (this refers 
actually to both the long- and short-wavelength response) can be explained 
by the increase in electron density in dislocation levels. The incremental photo- 
voltage is given by 


AV, = tq MD 


pane, (11.172) 
2 


where 6n,(q) = change of number of charges in dislocation levels, 
6V, = change in external voltage. 


As we know from earlier derivations concerning the change of the number of 
charges at the grain-boundary top with the external voltage applied—see 
(11.76)—the actual charge density can be represented by 


- 2g eas (-)] 
COs exces arya eid | 7H) ~ Vie a) 
(11.173) 


and the differential oie can be found indicating the rate of change of n,(q) 
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with the applied external field. Considering that V, = V, + V,, the external 
voltage or the injection-generated voltage changes V, and leaves V, un- 
changed. Therefore 


Ong) _ 2Ne, 1 {( et )me es ( i) 
a, do 1+ + evo 2\\kr 2v,)'! av, “\~ er 
eld 1 12 ( “) 
+ aap crayP Tas evga | (Fe 
_ pir ale) 
vi exn( A) ||: (11.174) 


With the conditions V, > V2, and eV,/ > 1, we have 
One(q) _ 2Meo (S)"rir( Si: ay )0(- =) 
OV, do \eV, kT 2V, kT, 


[oe 
Ala exp(— F)]f- (11.475) 


Assuming also that V, + V, > kT/e, this reduces to 
n.(q) 2 ( o )"{ e ( 1) 1 [ eV; 
= yi _ ove yi (- 2) }. 
Ve do Neve) \'* REPL er) * ay, |"? PL er, 
(11.176) 


Since the second term in brackets is small—V. > kT/e—we can write 


Ang(q) _, 2Meleg]'? ( eve 

ay 8 er oP in) (11.177) 

For the photovoltage according to (11.172), this results in 

kT [2mey(ep)!!? eV, ] 

AV, & — In| —2——— -— 

aler af do kT exp( i) (11.178) 
«2 ast 5%) 11.179 
= — (co ar): (11.179) 


We conclude’ that the photovoltage across the dislocation plane is linearly 
dependent on the applied voltage within the linearity of the barrier layer 
characteristics, that is, between the point V, > kT/e and the avalanche break- 
down of the barrier layer. This has actually been found experimentally (see 
Section 13.1). 
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There are other causes for the varied frequency response in bicrystals. As 
stated before, the dislocation plane is under stress (see Chapter 7). Assuming 
the validity of the classical energy expression for a dislocation pipe, 


peat 
ED) =3 f o,,(x, nD) dx, (11.180) 
of 


where D = dislocation spacing, 
n= number of individual dislocations, 
Oy = Stress in xy plane, 
6 = Burgers vector 
4 = integration limit (crystal dimension), 


one can reduce this by application of the radial stress function o, to 


dyn, 


0 


where 4 = shear modulus (~10'? dyn/cm? for germanium), 
v = Poisson’s ratio (~0.4 for germanium), 
In (r;/r) = In (1 cm/10~? cm) ~ 16, 


for the usual integration limits (see Section 4.5). Calculated values for Ey 
are 6.4 x 10° dyn/cm, and with an assumed width of the dislocated area of 
100 A a local stress field of 10'! dyn cm™? and a band-gap change of 0.15 eV 
result (see Section 7.1). 

This is of the order of magnitude measured in hydrostatic pressure measure- 
ments, Since 10° dyn ~ 1 kg, the dislocated area is under a strain correspond- 
ing to 10° kg cm~?, Actually, the partial overlap of dilation and compression 
zones cuts this value roughly in half, and one may take readings from Paul’s 
energy gap versus pressure curves!” to assess the gap changes. 

Accordingly, one has to assume that the T,, conduction-band minimum at 
k = 0 moves upward in the energy scale (~0.2 eV) and the [100] minimum A, 
moves downward (~0.15 eV). The P25, valence-band edge shifts also in the 
negative energy direction (~0.1 eV) (see Figure 11.66; shifted values are 
marked by asterics). For the pressure values considered, the energy at A, 
and the L, valleys have crossed, with A, lying at a lower value than T,. Con- 
sidering the small extension of the grain-boundary disturbed layer (~ 100 A) 
compared with the space-charge region responsible for the carrier transport, a 
Superposition of two band structures—one pressure-changed, one normal— 
must be assumed as far as the photoelectric behavior at the grain boundary is 
concerned. This may result in new transition values from the valence band to 
the conduction band. 
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Fig. 11.66 Modified band structure of germanium 
due to bicrystal stress field (see text), 


For example, the indirect transition from the normal valence-band peak, 

T’,5, to Af, is now smaller than the direct transition energy 
(a5: At = 0.71 eV; Pn5- 9 Fz, = 0.75 eV). 

Ak =O transition from the shifted valence band peak I’. to 2. corresponds 
to 0.85 eV, and a transition from the split-off valence-band peak (at k = 0) to 
the new I$ valley corresponds to (0.29 + 0.65 + 0.3) eV = 1.24 eV. Other 
phonon-assisted transitions, for example, from 3s. to Af (0.81 eV) are pos- 
sible and have been measured in recombination radiation experiments on dis- 
locations.'* 

The role of the bias field is also to enhance the coulomb repulsive forces 
between added charges q in the array of free bonds and thus add to the stress- 
field-induced changes (see Section 11.2). 

As the electrostatic forces induce small volume changes with respect to 
pressure increases, the energy gap is widened. The variation of the conduction- 
band energy by a volume deformation of the lattice @V/Vo is 


av 
OE. = -Exe =, 
ie Ic Vo 


where Ey¢ = coefficient of band change. 


The pressure increment is related to the volume increment by way of the 
compressibility x: 
-8V/Vo 


~@PIP, ” 
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so that 
oP A 
OE, = +x - Ejc __ for the conduction band, 
0 
or 
oP 
OE, = +x -. Ey for the valence band. 
0 


There are examples in the past where anomalous photovoltaic effects in 

semiconductors have been associated with crystalline defects, Especially in 
CdTe and ZnS larger than band-gap photovoltages have been found. 
A. Lempicki’? has established a more definite correlation between the defect 
structure in ZnS crystals and their photovoltaic behavior. The exact model, 
however, remained to be defined, but the conclusion was that “anomalous 
photovoltaic effects are connected with crystalline disorder and most probably 
with stacking faults,” 

J. Birman'* has analyzed the energy bands in Zinkblende and Wurtzite 
structure, applying the tight binding (LCAO) method, and found that, in 
natural crystals of ZnS and SiC, defects originating from transitions in 
structure are associated with internal barriers. For example, a ZB-W-ZB 
(Zinkblende-Wurtzite-Zinkblende) sequence shows a barrier at the Wurtzite 
face due to the splitting of the T 4. into the I; and I, states. Other influences 
like locked-in strain and potential discontinuities have to be considered also, 
according to Birman. 

As an example Birman draws the picture of the band of a rotation-twinned 
Zinkblende, generating a thin layer of locked-in Wurtzite and a double layer 
at the twin interface (see Figure 11.67). Here the potential jump at the inter- 
face between these structures causes similar effects to those discussed for dis- 
location planes. 


CRYSTAL 
4-4, 


| 
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Fig. 11.67 Inner double layer with 
barrier caused by rotation-twinned 
Zinkblende (after Birman (11.7,13)). 


364 Low- and Medium-Angle Grain Boundaries 
REFERENCES 


1, Weinreich, O. A., H. F. Mataré, and B. Reed: Electrical and Photoelectrical 
Properties of Grain Boundary Layers, ‘Solid State Physics in Electronics and 
Telecommunications,” Academic, New York, 1960, vol. 1, part 1, pp. 97-108. 

2. Mueller, R. K.: Transient Response of Grain Boundaries and Its Application 
for a Novel Light Sensor, J. Appl. Phys., vol. 30, no. 7, pp. 1004-1010, July, 
1959. 

3, Lindemann, W. W., and R. K, Mueller: Grain Boundary Photoresponse, 
J. Appl. Phys., vol. 31, no. 10, pp. 1746-1751, October, 1960. 

4. Schell, H. A.; Germanium Grain Boundary Photocell, “ Colloque International 
sur les Dispositifs 4 Semiconducteurs,” Chiron, Paris, 1961, vol. 1, pp. 643- 
649. 

Mataré, H. F.; Germanium Bicrystals and Their Application in Photocells, 
Internat, Elektron. Rundschau, vol. 15, pp. 207-211, 1961. 

5. Mataré, H. F., D. C. Cronemeyer, and M, W. Beaubien: Germanium Bicrystal 
Photoresponse I, Solid State Electronics, vol. 7, pp. 583-588, 1964, 

6. Galacki, Z., T, Figielski, and M. Jastrzebska: Extrinsic Photoconductivity in 
Plastically Bent Germanium, Phys. Stat. Sol., vol. 11, p. K35, 1965. 

7. Mataré, H. F., and K, S, Cho: Field Dependence of Photoresponse in Ger- 
manium Bicrystals, J. App/. Phys., vol. 36, no. 11, pp. 3427-3431, November, 
1965. 

8. Miles, M. H.: Extrinsic Photoconductivity from Edge Dislocations in Germa- 
nium, J. Appl. Phys., vol. 40, no. 7, pp. 2720-2724, June, 1969. 

9, Burstein, E., G. Picus, and N, Sclar: Optical and Photoconductive Properties 
of Silicon and Germanium, “‘ Photoconductivity Conference Report,” Wiley, 
New York, 1956, p. 253. 

10. Paige, E. G. S.: The Electrical Conductivity of Germanium, ‘Progress in 
Semiconductors,” A. F. Gibson and R. E. Burgess (eds.), Wiley, New York, 
1964, vol. 8, pp. 155ff. 

11. Muss, D. R.: Injection Luminescence in Germanium, J. Appl. Phys., vol. 35, 
no. 12, pp. 3529-3531, December, 1964. 

12. Lempicki, A.: Anomalous Photovoltaic Effects in ZnS Single Crystals, Phys. 
Rev., vol, 113, no. 5, pp. 1204-1209, March 1, 1959, 

13. Birman, J. L.: Simplified LACO Method for Zinkblende, Wurtzite, and Mixed 
Crystal Structures, Phys. Rev., vol. 115, no. 6, pp. 1493-1505, September 15, 
1959, 


Chapter 12 Controlled Growth of Dislocations 


12.1. PLASTIC DEFORMATION 


In Burgers’ dislocation model we define the closure failure of a pathway 
around the dislocation in the undisturbed lattice as the failure vector or 
Burgers vector 6, which, multiplied by the radius of curvature of a crystal 
bent under stress is proportional to the dislocation distance. Or the disloca- 
tion density is proportional to the reciprocal product of Burgers’ vector and 
radius of curvature: 


1 
A= (12.1) 


(see Figure 12.1). If the slip plane is inclined at some angle ¢ to the neutral 
plane of the crystal bar, one has 


1 

Ame (12.2) 
Such bending can be produced when, for example, germanium is heated to 
approximately 500 to 600°C, where it is easily deformed. When the radius of 
curvature r is large compared with the thickness of the bar, the uniform shear 
stress bends the bar into a circular arc, generating a set of dislocations. 
F. L. Vogel’ describes results of such bending with the crystals oriented in the 
(111) slip plane inclined at 42° to the neutral plane and a <110) slip direction 
at 42° to the neutral axis. This produces only one set of glide planes and dis- 
locations parallel to the <712) bent axis. Calculated and observed dislocation 
densities were in good agreement, considering the uncertainty of the etch-pit 
count and the possibility of polygonization due to dislocation climb normal to 

the slip plane.” 
365 
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Fig. 12.1 Edge dislocations produced by 
bending in simple cubic lattice 6 = Burgers 
vector; r = radius of curvature of slip plane; 
A = density of edge dislocations. 


Plastic deformation by torsion at elevated temperatures (germanium at 
850°C, silicon at 1180°C) produces similar dislocations. Here screw disloca- 
tions may occur in larger quantity, but for the high-twist angles of 230° per 
inch for germanium (80° per inch for silicon), the formation of broken bonds 
is likely. No correlation between theoretical density and dislocation count was 
established.* 

Plastic deformation of germanium in compression also shows an increase 
in dislocation density with increasing strain and the appearance of slip lines 
and polygonization.* For high-strain values, domains form that represent 
crystallographically misoriented regions. This gives rise to low-angle bound- 
aries. It is also found that low-temperature deformation (525°C) produces a 
higher number of active dislocations (acceptor density) than deformation at 
higher temperatures (725°C).* This is because at the higher temperature 
annealing can neutralize part of the forming free bonds, as healing of defects 
can be produced by heat treatment after the crystal has been deformed. 

In silicon the initial dislocation density after deformation is somewhat 
higher than the calculated density. Patel has shown that a much closer fit can 
be produced by long annealing at 1300°C of the bent crystals.° 

This points to a difference between germanium and silicon. The silicon 
lattice is from many indications more flexible than the germanium lattice 
(twinning; see Section 4.4) and therefore yields more readily to the initial 
strain, causing piled-up groups of dislocations. These cause secondary slip, 
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which may lead to the formation of dislocation tangles containing a high 
density of so-called “forest” dislocations.” 

Further annealing is effective in dissolving high-energy groups of disloca- 
tions. 

The study of dislocations produced by plastic deformation has resulted in 
highly valuable information about materials Properties in general, but the 
method is not suited to the generation of defined and localized arrays of dis- 
locations when their electrical properties are considered. The models developed 
and the correlation between the degree of deformation and the resultant dis- 
location density, however, have been very useful, for example, in the evalua- 
tion of thin films produced in heteroepitaxy, where local stress fields are 
generated because of the mismatch of the thermal expansion coefficients of 
substrate and film (see Chapter 14). 
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12.2. DOUBLE-SEED TECHNIQUE 


The technique of using bicrystals was apparently first reported by Smolu- 
chowski and coworkers, who studied grain-boundary diffusion in copper 
crystals.’ Tweet produced rather undefined bicrystals for his work on grain 
boundaries,? and H. F. Mataré and H. A, R. Wegener described precision 
Production of bicrystals and stability of grain boundaries that prompted 
extensive studies of these structures.* There are numerous ways of performing 
grain-boundary growth with double seeds. It appeared essential to maintain 
medium angles of misfit, that is, tilt angles between a few degrees and a 
maximum of 25°. For smaller misfit than 1°, the boundaries do not produce 
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compression-dilation overlap sufficient for stabilization (see Section 7.2) and 
form lineage boundaries, while for misfit angles greater than 25° micro- 
cracking destroys the coherency so that preferential diffusion is dominant. 
Consequently, the bicrystal seeds are generally oriented at 20 < 25° (in 
Figure 12.2), Fundamentally, there are two kinds of grain boundaries that can 
be created by changing only one parameter of two parallel lattices. In one case, 
the grain boundary lies at right angles to the plane containing the variable 
parameter 0. In the other, the grain boundary lies in the plane of the variable 
parameter t, which is the twist angle or the deviation of the seed-crystal axis, 
for example, (100, out of the orthogonal to the grain-boundary plane. This is 
equal to a deviation in the ¢100) direction (see Figure 12.2). These two kinds 
are the extremes of a series of intermediate boundaries with more or less 
distance between broken bonds because of twist or screw dislocations. 


{100} {100} 


Fig. 12.2 Double seed arrangement with bicrystal boule (schematic). 


Seed mounts for tilt boundaries can have varied forms. Figure 12.3 shows 
the basic arrangement. Each seed is cut along a major crystallographic direc- 
tion so that the angle @ between the seed faces is also the angle between the 
lattices of the single crystals. For each value of 0, a new seed holder is required. 
For the purpose of varied tilt, a wedge seed holder has been used by researchers 
(see Figure 12.4). Here, one has to make sure that the seed crystal lattice has 
the correct orientation with respect to the axis. If the mount allows for 
screw adjustment, it is commonly fine-adjusted on the x-ray goniometer. The 
most appropriate form of a double seed is produced by cutting a mono- 
crystalline boule under the desired angle of tilt (8/2) with respect to the [100] 


Fig. 12.4 Double seed holder with cone. 
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axis and rotating one of the seeds before placing them together (see Figure 
12.5). In this case, the seed holder is conventional, and there is no need for 
fine adjustment and complicated holder mechanisms, because all orientation 
precision is done on the double seed itself. It should be mentioned here that 
the choice of the tilt around the {001} direction for the [100] seed crystal 
orientation was made after numerous studies on bicrystals. Expressed in 
simple form, the result was that all other orientations resulted in less pro- 
nounced barrier layers, and measurements revealed that the number of free 
bonds was not so high as in the case above (screw dislocations and twins). 
A testing of the effect of the lattice orientation with respect to the pulling 
direction (see Figure 12.6) showed generally that there is no basic difference 
between these cases. 


Fig. 12.5 Prepared and assembled bicrystal seed. 


A bicrystal seed within its seed holder is shown in Figure 12.7. The screw 
fixings shown press against the seed rods, which, in turn, are pressed against 
reference planes in the seed holder. Figure 12.7, shows a bicrystal seed with a 
portion of a pulled bicrystal. The grain boundary is visible at the top flat. 

The result of a successful operation (Czochralski equipment best with 
floating crucibles)* should be a straight boundary line across the crystal boule 
(see Figure 12.8). Because of the excellent stability of medium-angle bound- 
aries, a greater number of defined grains can be grown by mounting of multi- 
seed crystals that, for example, are alternatively tilted for 20°. The result of 
such a pulling operation with eight seeds and seven grain boundaries is shown 
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Fig, 12.6 Three different bicrystal-seed arrangements. (a) and (b) tilt axis per- 
Pendicular to growth direction; (¢) tilt axis in growth direction. 


in Figure 12.9. The temperature control is obviously rather critical when the 
crystal is subjected to varied growth pattern across the diameter. Small devia- 
tions occur near the crystal border line, but the center allows cutting out a 
large number of useful bicrystals (see cut slice). 

The orientation of bicrystal proceeds in several Steps. First, a single crystal 
is set by x-ray diffraction Laue patterns, with one (100) plane parallel to the 
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Fig. 12.7 Bicrystal seed holder (graphite) 
and bicrystal seed with first part of pulled 
crystal. 2x. 


x-ray beam and vertical to the track. The goniometer is then transferred from 
the x-ray unit to the cutoff machine, and the crystal is sliced into slabs. Each 
slab is then set by x-ray methods again. This time the slab is oriented so that a 
(010) plane is parallel to the x-ray beam and the line of intersection of the 
previous cut and the new plane of cut is also parallel to the x-ray beam. The 
goniometer is then transferred again to the cutoff wheel, and the slabs are 
then sliced into square-based columns. 

The three angles defining the relative position of the bicrystal boundary are 
6 =tilt angle, r =angle of rotation, and ¢ = angle of twist of the seeds. If 
one wants a dominance of the dangling-bond behavior of the grain boundary, 


Fig. 12.8 View of surface of germanium bicrystal [100] —#, — [100], 
6; =20°. 


Fig. 12.9 Multicrystal grown from eight monocrystal-seeds (seven 
grain boundaries of equal tilt angle 0,). 
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rand ¢ have to be minimized in order to avoid repaired bonds. This requires 
exacting alignment of the seed crystals. The grain-boundary plane, defined by 
9, r, and t, has two more degrees of freedom, since it can have different posi- 
tions with respect to the growth plane: angle @. We consider generally only 
the symmetric case of a coincidence of the tilt axis into the grain-boundary 
plane: @ = 90° (see Figure 12.2). In terms of crystallographic directions, r is 
the rotational angle between both the 010) and the <001) directions in the 
(100) plane. @ is the tilt angle between the ¢100) directions in the (001) plane, 
and + (twist) is the angle between the original <100) direction and the 
projection of the second <100) direction in the (010) plane. 

Aside from the two crystal lattices, the grain boundary between the two 
mutually inclined crystals requires definition. 

Since ideally the grain boundary is a plane, only two angles are necessary 
for its full description. One angle 4 lies in the same pane as 0 and should be 
kept half its value. The other angle g is related to r and should be kept zero. 

In general, seven angles are needed to correlate the measured properties of a 
grain boundary unequivocally with the lattices of the two seed crystals. 

The orientation of a bicrystal can be represented in the usual stereo- 
graphic projection® if the following limitations apply: Both monocrystalline 
components are symmetrical across the grain boundary, and the twist angle t 
is zero. Then, if the plane of projection is considered the grain-boundary plane 
(see Figure 12.10), the pole of the plane is at the center of the stereographic 
projection. The upper hemisphere can be used to describe the orientation of 
a single crystal component of the bicrystal. 

As it is rotated to indicate its lattice orientation with respect to the grain 


north pole 


ALY primitive plane 
A \ (plone of projection) 


south pole 
(projecting point) 


P= any spherical-projection point 
Q= the corresponding stereographic- projection point 


Fig. 12.10 Stereographic projection of crystal plane upon 
reference sphere at point P. 
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Too 


Fig. 12.11 Projection of cubic crystal with 
cube face parallel to projection plane. [001] 
direction is parallel to grain boundary- 
normal G (see text) 


boundary in terms of @ and r, the grain-boundary pole wanders in the unique 
triangle of the standard projection of the cubic system. This suggests that any 
bicrystal property can be plotted on this triangle and that all possible orienta- 
tions, with the limitations cited, are restricted to this triangle. This is shown in 
Figure 12.11, Here the crystal at the center is assumed with a cube face 
parallel to the plane of projection. Possible unique orientations are given by 
24 spherical triangles, as for example, (001) [011] [111]. The (001) direction is 
parallel to the grain boundary normal G. Increasing 0 causes pole G to wander 
in the {100 direction. 


Bicrystal Alignment 


The Laue back-reflection technique can be used to measure the five para- 
meters (or seven when the plane of cut is important) necessary to describe the 
orientation of a bicrystal. The x-ray beam is directed toward the grain 
boundary so that it is reflected from one crystal, giving rise to its Laue pattern 
on the film. A part is also reflected from the other crystal, resulting in a second 
Laue pattern displaced from the first one but on the same photograph. 
Reflection points belonging to the same crystal side can easily be identified by 
their shape. Shapes of Laue spots depend on the geometrical conditions.* 
Here the grain boundary disects the circular spots in halves. Figure 12.12 
shows a Laue pattern of a silicon bicrystal (tilt angle is 0, = 6° 14’ + 10’, 
rotational angle 0, = 0° + 20’, and twist angle is 0; = 6° 14’ + 10’). Crystal A 
is identifiable by half-moons pointing down and crystal B by half-moons 
pointing up. The calculation of the different angles is described in Figure 12.13. 
Part a indicates the three main angles for the ¢ = 90° grain orientation and 
the reflection condition for beam x onto the boundary. The tangent relations 
or the ratios of the point distance from the central beam to the screen distance 
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®,~ 6°14! + 10! 
@2= 0° +20! 
@;- 6° 14! + I" 


Fig. 12.12 Bicrystal Laue pattern (silicon): Tilt angle 0, = 6° 14’ + 10’; rotational angle 
4, =0° + 20’; twist angle 0; = 6° 14’ + 10’. 


give the angle 0, (Figure 12.136). 0, follows directly from the inclination of 
two lines connecting equal lattice reflection points, and 0 follows from the 
vertical distances of the Laue points with respect to the center spot (Figure 
12.13c). [See also H. Kedesdy, Am. Mineralogist 39, 750 (1954).] If the grain- 
boundary orientation ¢ # 90°, one of the angles g and b can be determined by 
measuring the angle between the straight edge bordering a Laue spot near the 
center of the photograph and the corresponding reference direction. The 
other angle cannot simply be determined from the same photograph. For this 
reason, a second photograph has to be taken at right angle to the previous 
direction. The same procedure is followed throughout, only that in this case, 
the other angle of the grain boundary is the parameter. 

The grain boundary itself can be used as a plane of reference for measure- 
ments. It seems best in practice to align the plane of the grain boundary so 
that its normal is the independent axis of rotation of the mounted crystal and 
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[013] reflex of B 


tan20,,=d,,/d, 
tan 26,5= dyp /d, 
91 = 014+ Oy 


95= 034+ O55 


tan265,~ ds, /d, 


122855 = day /d, 


Fig. 12.13 Seed crystal-arrangement for bicrystals (a) and definition of misfit angles 
from Laue-reflection pattern. (6) (c)—(see text) 


the x-ray beam is contained in it. Experimentally, this can be achieved by 
aligning the axis of a telescope to be coincident with the x-ray beam and then 
aligning the grain boundary in the goniometer so that full rotation of the 
bicrystal does not cause any wandering of the grain-boundary line from the 
cross hairs of the telescope. In this arrangement, only one photograph is 
required in order to determine the value of all five parameters: 9,, 02, 03, and 
gb. 


Fig. 12.14 Analysis of Bicrystal Laue pattern. Connection of corresponding Laue 


tan 2014 = [Dd Rl 
tan 2 Di! Rls 


tilt 
9, = rotation = <r; 


points: tilt (9;) and twist 03 from 
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[D/R]n 
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R = distance of bicrystal surface 
to photoplate 
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Finally, the actual orientation of the plane of cut with respect to the crystal 
lattice or the grain boundary has to be fixed. 

This is most easily done by giving a flat or mirrorlike polish to the surface. 
The reflection of a light beam can serve as a reference guide in order to bring 
the normal to the polished plane into coincidence with the x-ray beam, A 
Laue diagram then reveals the angles between the normal of this plane and 
two chosen crystallographic directions in one of the single-crystal com- 
ponents of the bicrystal. These values can then be recalculated in terms of the 
reference previously chosen. An analysis of the angles of misfit is shown on 
an actual Laue-pattern in Figure 12.14. 

The result of the original orientation procedure can easily be verified for 
each slice of the bicrystal cut from the boule by point-source light reflection 
(preferably laser light). The orientation difference of small crystallites visible 
in etch figures corresponds to the seed-crystal orientation (see Figure 12.15). 
Dark-field microphotography also reveals the tilt angle very clearly between 
the individual crystalites (see Figure 12.16). 

The same methods are applied in the growth of compound bicrystals of the 
ABy type. For example, R. K. Mueller et al.® studied InSb bicrystals grown 
with [111] seeds. In this case, however, the dangling bonds may appear on 
either of the two groups of atoms. This leads to two different kinds of bound- 
aries based on either the « dislocations (group IIT bonds) or the B dislocations 
(group V bonds). It is important to define whether dislocations accept 
electrons in p-type material. If the dislocations accept electrons, the boundary 
charges up negatively and presents a barrier to current flow in n-type material. 
If the dislocations donate electrons, the boundary becomes positive and 
presents a more pronounced barrier in p-type material. 

Mueller found, basically, coincidence between the results of his studies on 
InSb grain boundaries and those of Gatos and coworkers but discrepancies 
between his results and earlier theoretical studies by Holt, who predicted 
acceptor character throughout (see Table 12.1). The free bond at the column IIT 
element (a) is generally acceptor type; and the free bond at the column V 
element is donor type. This is in line with the established character of these 
atoms. The higher filling of the p orbital in the case of antimony suggests 
donor type. Mueller found, however, that the environment can change this 
simple rule. Although, the « boundaries are acceptor type in n-type doped 
crystals of InSb, as expected, and the B boundaries donor type, as expected, 
the « boundaries are also donor type in p-type material where acceptor type 
should be expected (and was measured by Gatos et al.). Here, we have to 
consider that the degree of doping can play an important role in the relative 
position of the dislocation levels with respect to the Fermi level. As the dis- 
location levels are closely spaced, they represent a local band with a finite 
number of states: 2V (N = number of dangling bonds). As Mueller dis- 
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Fig. 12.16 Dark-field photo of etched bicrystal surface (9, = 20°). Lieu of grain boundary 
is marked by arrows. 


cusses, it can be shown that such bands ideally contain 3N/4 (a) respectively 
5N/4 (8) more electrons than there are states in the valence band. Therefore, 
dislocations, boundaries, or free surfaces with N dangling bonds (containing 
2N states) are neutral if the boundary band is filled to contain 3N/4 and 
5N/4 electrons, respectively. Whether this structure shows donor or acceptor 
character, however, depends on the free energy of an electron in the boundary 
band. The free energy, in turn, can be higher than the Fermi level at a given 
temperature and doping level, and thus electrons move from the dislocation 
level into the conduction band (donor character); or in the other case, elec- 
trons move into the valence band, and the boundary displays acceptor charac- 
ter. Especially for the « boundary in p-type material, it is therefore possible 
to display donor character also, when the Fermi level is below the } filling 
level with respect to the valence band (low temperatures). 
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Table 12-1° 
Experimentally Behavior predicted from 
observed type suggested models 
Disloca- — En- 
tion viron- Gatos Gatos, 


type ment Mueller et al.* Mueller Lavine’ Holt? 


oe n Acceptor Acceptor Acceptor Acceptor Acceptor 
C3 Pp Donor wis, Donor Acceptor Acceptor 
B n ? Donor Donor Donor Acceptor 
B Pp Donor dike Donor Donor Acceptor 


“H.C. Gatos, M. C. Finn, M. C. Lavine, J. Appl. Phys., 32:1174 (1961). 
+H. C. Gatos, M. C, Lavine, J. Electrochem. Soc., 107:427 (1960). 
© D. B. Holt, J. Appl. Phys., 31:2231 (1960). 
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12.3. BICRYSTAL GROWTH AND PERFECTION 


With the careful procedures of seed alignment described, one step is taken in 
order to achieve perfect grain-boundary growth. The other conditions lie in 
the crystal-growth equipment and are mainly connected with the temperature 
control during growth. 
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As in all monocrystal growth, the bicrystal requires horizontal and vertical 
gradient control to at least 45 of a degree at the melting point. If a Czochralski 
crystal pulling unit allows to grow dislocation-free monocrystals, it also 
allows growing perfect bicrystals. The monocrystalline sides of these bicrystals 
have the defect number corresponding to the one attained in normal pulling 
operations, This means that the bicrystal halves must have a perfect Laue 
pattern for example, the one shown in Figure 12.17 for a silicon bicrystal. 
The perfection of the boundary itself is established by surface etching and 
microscopy along the boundary. If the grain boundary does not show any 
irregular deviations from a perfect line across the crystallites, it can be con- 
sidered well grown (see Figure 12.18). For a larger bicrystal section (magni- 
fication 500 x ) this is shown in Figure 12,19. 


Fig. 12.17 Laue pattern of one side of silicon bicrystal showing perfection of crystal 
adjacent to grain boundary. 
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Fig. 12.18 Etch pattern of bicrystal surface: germanium [100] —0, — [100]; 20, = 15°. 
1300 x. 


The errors in the orientation as carried through by the Laue pattern 
technique given in Section 12.2 are mainly dependent on the precision with 
which a distance can be measured on the film. For the two angles 0, and 
0,(t) defined by @ = 4 tan™! d/dy (d = distance between x-ray beam and spot 
on the film and dy = film to specimen distance, see Figure 12.4) the error 
depends mainly on the precision with which the [100] reflection can be 
brought into coincidence with the reference center of the film and the precision 
with which this center coincides with the point at which the x-ray beam 
penetrates the film. Both values of 0, and 0, are limited only by the errors 
with which the distance on the film can be measured. This limit is of the 
order of 0.05 mm. The most probable error in 0, is AO; ~ $Ad/dy ~ 4’. The 
third angle 0,(r) is measured directly on the film. A somewhat similar situation 
exists as in the previous measurement, except that the reference is a line going 
vertically through the x-ray beam. 

In 0, =tan™' d,/d, (a, = distance between x-ray beam and spot in the 
direction 90° to the reference line, and d, is the distance between the Laue 
spot and the x-ray beam along the reference line), d, is made close to zero. 


Fig, 12.19 Tilt grain boundary as above. Magnification 470 x. 
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The error in these measurements is about 7/100 mm. d, is generally of the 
order of 3 cm. This leads by reasoning analogous to the previous calculation 
to a probable error: 
360 5 
AO, = 0.07 ——— - 60 ~ 8’ (8 minutes of an arc). 
2n* 30 

After the crystal is aligned, the goniometer is transferred to the cutoff 
machine. The saw cuts the crystal in a direction parallel to the x-ray beam and 
vertical to the goniometer, since the crystal was aligned for this direction. 
This results at best in an accuracy of 30 minutes of arc. The cutting operation 
leaves the crystal surface with a roughness of the order of 0.003”. Over the 
smallest dimension of the slab (about 1"), this gives rise to an error of 10’. 

Now orientation and cutting are repeated for each slab, resulting in the 
quarter-square-based-column single crystal seeds. The errors due to the Laue 
technique and the saw-blade alignment are the same as before. 

The effect of surface roughness, however, is magnified, since now the small- 
est dimension on each side is 0.0250". This increases this error to about 40’. 
The single crystal seeds are then placed in the pulling fixture. The final align- 
ment of these against the reference surface then gives rise to the last error. 
If it is assumed that the machining was accurate to at best 0.001", the error is 
14’. Since two crystals are required for a bicrystal seed, their errors necessarily 
combine. This effect may be canceled if it can be assumed that the error is the 
result of two error components along the crystallographic directions. 

Table 12.2 gives a comparison of values determined by the Laue back- 
reflection technique. The value of 0, tried for is designated as ideal; 0,(t) and 
4;(r) should be ideally zero. It is obvious that the alignment of the single 


Table 12-2" 
Experimental 

Ideal a 

20,(i) 20,0) 20,(t) 203(r) 
30° 30° 44’ 21’ 55” 
25° 25° 32’ 70° 30° 
20° 20° 20° 26' At" 
18° 14° SI’ 58’ 13’ 
10° pe 31’ 17 
s° 3° 43’ 34’ 8’ 

Standard 


deviation 4:46’ a4 £27’ 
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crystal in its goniometer by x-ray methods causes the smallest error. Improve- 
ments, if possible, should be concerned with the various mechanical adjust- 
ments during the alignment process. 

First the saw blade could be aligned by the use of a mirror and an auto- 
collimator. This could cut down this error to 10’. The surface of the crystal 
after the cutting action could be improved by polishing and etching. 

If a still higher precision is required, additional steps in the preparation of 
the seed crystals are necessary. After each cutting operation on the saw, the 
cut slab or column is once more mounted on the goniometer and aligned by 
the Laue method. Then the goniometer is transferred to the magnetic chuck 
of a grinder, and the surface is ground flat. Grinders available are capable of 
reproducing a surface flat to about 0.005". This gives rise to an error of 4’ 
(linear dimensions of the crystal in the 0.500" range). Alignments of chuck 
and goniometer are accurate to about 0.001” out of 3” or about I’, 

For still higher precision, mechanical problems have to be eliminated, 
This can be accomplished by the design of a goniometer that can be used 
directly as a pulling fixture. A device of this nature could be used for align- 
ment of single crystals by Fankuchen’s? equi-inclination method with atten- 
dant improvement in precision. 

The precision of alignment by Geiger counter can be made to depend 
mainly on the slit width of the counter (0.003”) and the specimen-to-counter 
distance (7"). Here the error could decrease to 2’, since no cutting and transfer 
error occur. 

It is unlikely that such precision is needed for medium-angle bicrystals, In 
Table 12.2 we note that the standard variation for 0, represents increasing 
percentages for decreasing angle values: 


Standard 
deviation, 
20, percent 
30° 44’ 2.40 
25° 32’ 3.00 
20° 20° 3.75 
14° 51’ 5.10 
a 8.40 
3° 43’ 20.0 


It is therefore extremely doubtful that bicrystal alignment can produce pre- 
dictable lattice relations for misfit angles smaller than 0, = 10° (20, ~ 20°).* 


“ Compare Ch, 12.4. 
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Summarizing the error per bicrystal parameter in the different techniques 
gives the following possibilities: 


—————S 
Probable error 


per bicrystal 
lattice 
Technique parameter 
Present 52’ 
Optical Alignment of 
saw, increase in seed 25’ 
dimension 
Addition of a grinding 
step 1" 
Pulling fixture as 
goniometer 2 


2s 
Perfection 


Independently of the orientation precision, the bicrystal perfection plays a 
role in the electronic properties of the grain-boundary barrier. If, for example, 
a high dislocation density appears in the neighborhood of the grain boundary, 
the coherent form of the barrier may be disrupted. Also impurity clusters can 
produce localized breakdown areas within the barrier layer. Careful growth, 
however, produces generally perfect bicrystals, and the grain boundary 
is as such no cause for increased dislocation densities or impurity clustering 
(the preferred diffusion is discussed in Chapter 13). Figure 12.20 shows that 
the etch-pit density in the neighborhood of the grain boundary at a bicrystal 
interface is not abnormal. This was observed in all cases. 

As we saw earlier (Section 7.2), lineage boundaries of the usual misfit in the 
minute-of-an-arc range have a tendency to be disrupted, sometimes by climb, 
in the stress field of a medium-angle grain boundary. 

Revealing more detail of the innermost structure of grain boundaries and 
assessing the actual width of the dislocation layer has been tried. Because this 
area is of the order of 20 lattice constants (~ 100 A), only a developed scan- 
ning-beam electron microscope with small beam width and a resolution of 
~20 A could reveal detail. Electron microscopy in transmission has not been 
successful so far, and replication methods have not revealed any detail, 
Figure 12.21 shows an electron micrograph of a germanium tilt boundary 
(20, = 20°) using a direct carbon replica preshadowed with platinum metal 
at approximately 27°. The magnification gives the distance of 1 y at about 
0.5 cm. 


Fig. 12.21 Electron micrograph of germanium bicrystal. Angle of tilt 20°. Specimen pre- 
pared and etched. Direct carbon replica preshadowed by platinum metal at approx. 27°. 
Magnification 5000 x . 


Fig. 12.22 Photo (2.8x) of cut trough grown bicrystal boule with twins generated at 
grain boundary. Tilt angle 9 = 20° of two [100] seeds A and B: new grain boundary a —b 
is [100] — (0 = 5°) — [100]. 
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Fig. 12.23 Same bicrystal as 12,22 (53) at twin nucleation points at grain boundary. 
Twin relations between A — a and B —b. 


As we mentioned, the tendency for twinning can eliminate the broken 
bonds. Especially in silicon, many twinning relations occur, and grain 
boundaries can act as the source for the formation of twins. A typical example 
is shown in Figure 12.22. Here the original bicrystal is the A — B structure 
with a tilt of 20°. First-order twins originate at the boundary and form a new 
structure between individuals a and b, but in a straight-line continuation with 
the original grains so that the new grain boundary has an angle of tilt of only 
5° between a and b. 

There is no visible disturbance at the points of origin of these twins at 
magnifications of x 76 (see Figure 12.23) and at a magnification of x 650 (see 
Figure 12.24) where the source of the twin is apparently a low-energy rotation 
in the lattice, giving rise to a new and stable lattice configuration of lower 
energy. This kind of disturbance is the most frequent one found in silicon and 
to a minor degree in germanium and III-V compound bicrystals. 
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Fig. 12.24 Same bicrystal as 12.22 (450 x) focused on twin growth point B —b. 
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12.4 GRAIN-BOUNDARY DIFFUSION AND IMPURITY DISTRIBUTION 


We have already touched on the questions of the impurity influence on the 
electronic behavior of dislocations. An isolated edge-dislocation pipe has a 
pronounced impurity atmosphere (Cottrell atmosphere) because of the far- 
reaching influence of dilation and compression regions. In Section 7.2 (see 
especially Figure 7.10) we saw that a narrow spacing of the dislocation pipes 
leads to a closer overlap of the alternating dilation and compression zones, 
with some cancellation of the effect on surrounding impurities. A few remarks 
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concerning the impurity influence in the case of silicon boundaries were made 
in Section 11.2. However, the issue is important enough to be considered more 
extensively, because it is a recurring question in all meetings on dislocations 
and dislocation arrays and an essential part of the structural theory of cold- 
worked metals, hardening, fracture theory, phase transformation, plastic 
deformation, and the like. 

Detailed work on grain-boundary diffusion was first carried out by S. Smo- 
luchowski and coworkers. At that time, many experimental findings that 
seemingly contradicted one another had to be explained. The systematic work 
of Smoluchowski has helped in understanding a number of these results and 
properly defining the parameters that are significant in grain-boundary 
diffusion. Several facts are important in this context and have been neglected 
in a number of studies. 


1, The stress field around a dislocation is felt specifically at any free surface. 
As the grain boundary approaches a free surface, the forces balancing the 
internal stress field are decreasing, and the material tends to “crack” at the 
surface in a form described in Section 7.2, specifically in Figure 7.9. Such 
microcracks form in all cases where bicrystals are polished and etched down, 
and subsequent diffusion reveals ‘‘ spike behavior’ down into the material for 
an appreciable distance (>20 x) because of the heat treatment. 

2. An isolated dislocation line acts as a pipe in a direction parallel to the 
dislocation. It is not apt to show enhanced diffusion vertically to the pipe or 
array. 

3. The free or dangling bond as a main contributor to the dislocation 
behavior and its effect on the diffusion are partially climinated in grain 
boundaries with paired or rotated bonds (screw or twin dislocations in 
“repaired” lattice structures). See Sect. 4.4, 

4. In medium-angle grain boundaries (1° < @ < 25°), the pipe overlap is 
complete and properties should not be much different parallel or orthogonal 
to the dislocations. Small-angle boundaries (0 < 1°) on the contrary show 
strong differences in directional diffusion experiments. 

5. Large-angle boundaries (beyond the Shockley-Read energy maximum) 
are in all probability rather disordered lattice structures with high-preferential 
diffusion parallel and orthogonal to the dislocations: Dj/D, ~ 1. Dy = 
diffusion coefficient parallel to dislocation; D, = diffusion coefficient 
orthogonal to dislocation. 


As a consequence, the extreme cases are isolated dislocation pipes of the 
lineage type with direction-dependent preferential diffusion and high-angle 
boundaries with strongly enhanced diffusion, not dependent on orientation. 

The intermediate case of medium-angle boundaries has caused puzzling 
effects in diffusion work, because a precise overlap of dilation and compression 
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regions in adjacent pipes partially cancels the stress field, decreases the 
Cottrell atmospheres, and shows small diffusion enhancement except near the 
free surfaces. 

We now analyze the major conclusion arrived at by several researchers in 
this field. R. Smoluchowski! in his work with copper bicrystals (0 ~ 15°) 
makes use of the rod model of the dislocations. It is assumed here that the 
dislocations generate crystal areas of highly distorted form within which the 
diffusion coefficient and the activation energy are thought independent of 
orientation (Mott). The assumption that the grain boundary is a uniform (or 
partially uniform) slab of material of high diffusivity is the basis of the Fisher- 
Whipple diffusion theory and its application to practical diffusion problems 
where boundaries are involved.' 3+ 6 11.12 

In applying this theory, Smoluchowski uses also another assumption con- 
cerning the flow of the diffusant, namely, that the material diffusing along the 
grain boundary (direction y in Figure 12.25a) is being lost into the two 
adjacent grains by volume diffusion in a direction perpendicular to the grain 
boundary (direction x). Smoluchowski points out that this assumption 
eliminates the possibility of calculating the shape of the cusp for small y, that 
is, in the proximity of the intersection of the grain boundary with the original 
interface where the concentration gradient (and the direction of the diffusion) 
is approximately perpendicular to the outline of the cusp. Queisser et al.® 
later derived a relation for the spike velocity as a function of D, (volume 
diffusion coefficient) and ¢, the spike angle (see Figure 12.255), which allows 
finding the factors Wy and Wp expressing roughly the additional number of 
impurities and dislocation generated vacancies there, respectively. The main 
results of Smoluchowski’s treatment based on the Fisher-Whipple columnar 
diffusion are in his formulation: 


1. There is a critical misfit angle 0, of the grains where grain-boundary 
diffusion begins. For smaller misfit angles, pipes do not overlap sufliciently to 
result in enhanced diffusion (see 0, in Figure 12.25¢), 

2. As the temperature increases, the relative contribution of the grain 
boundary to the diffusion is decreased (increase in 0, in Figure 12.25¢; curves 
are normalized in order to give equal penetration at 0 = 45°), 


In careful measurements of the diffusion of Zn into copper bicrystals, 
Flanagan and Smoluchowski (see Figure 12,26) measured a rather small shift 
of 0. with temperature, but in all cases the critical misfit angle is at or about 
the angle for the energy maximum of the grain boundary according to the 
Read-Shockley energy expression (see Section 4.1 and Figure 12.25c). 

Smoluchowski defines an apparent activation energy Q, from the limit 
penetration in the y direction in the grain boundary: 
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y= S(t, Thexp(- 24). (12.3) 


In the bulk Q, = Q,: 


y? = const « texp( (12.4) 


5 = grain boundary width 
¥ = spike velocity 


¥ = 2D/( Wp sin20 tan 6-W tan d) 


= penetration in grain boundary 
Ey,* grain boundary energy as (0) 


o DB 


Fig. 12.25 (a) Coordinate system used in the discussion of diffusion in grain boundaries. 
(6) Boundary conditions along the diffusion spike and velocity expression. 
(c) Structure of grain boundaries for increased misfit (1) ~» (2) > (3) and pene- 
tration as f(@) for different temperatures according to Smoluchowski.! 
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where ¢ = time, 
T = temperature, ° 
R = gas constant = 6.06 - 1073 - k, 
k = Boltzmann constant. 


S(t, T) is a slowly varying function of T or independent of T. 
In conjunction with the usual expressions for the diffusion coefficients Ds, 
in the grain boundary and D, in the bulk: 


[Zn in cu] 


& 


° 


Depth of penetration y (in mm) 


= 1 
10 20 30 4045 


Fig. 12.26 Measured data of penetration (Zn) into copper bicrystals as a 
function of tilt angle (after Flanagan-Smoluchowski, Phys. Rev. 23, 7 (1952)). 
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Dp = Dp, exp(— 2), (12.5) 
D, =Dyy ex(- 2), (12.6) 


the apparent activation energy Q, can be expressed by Q, and Qy, the activa- 
tion energy in the boundary depending on the assumptions for the grain- 
boundary misfit and the extension of the supposed rod structure, respectively, 
as the misfit angle increases (see Figure 12.25c). Smoluchowski finds an in- 
crease in Q, as the misfit increases in accordance with the theoretical model 
(see Table 12.3). 


Table 12.3 
Angle 25° 30° 35° 40° 45° 
Qu, cal/mole 1960 4050 7210 7500 7500 
(experim.) 
Qu, cal/mole 2160 4000 7200 +7500 +=: 7500 
(theoret.) 
Rod LA 16 8.5 5.2 Slab 
separation (experim.) 
(theoret.) 10 68 5.1 Slab 


It is striking how well the calculated Q, values agree with those measured 
from penetration values. 

Later criticism of Smoluchowski’s results by Turnbull and Hoffman* con- 
centrates on the assumed vanishing diffusion enhancement for small angles of 
misfit. It seems that Smoluchowski’s assumption of highly distorted areas 
with activation energy independent of orientation is not realistic, In fact, the 
more the pipes are separated, the more pronounced their directional influence 
on diffusion. Diffusion parallel to the pipes (direction y in Figure 12.25a) is 
even stronger for isolated pipes than for overlapping pipes with dilation- 
compression force cancellation. Such force cancellation, with attendant 
elimination of the Cottrell atmospheres, is most effective for medium-angle 
grain boundaries, that is, for the range 1° < 0 < 25° or dislocation distances 
between 10 and 300 A or 2 to 60 lattice constants. For angles in the range of a 
few degrees and below, the overlap is incomplete, and the picture of isolated 
pipes has to be applied. The stress ficld around a dislocation extends over 
many lattice constants,® and one would expect isolated pipe behavior for 
separations D > 60d). 
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Turnbull and Hoffman point out that preferential diffusion parallel to the dis- 
location pipes should be assumed for lineage and polygonization boundaries. 

In careful diffusion runs of silver in copper bicrystals, Couling and Smolu- 
chowski? found that the diffusion was enhanced as 0 increases from about 10 
to 45° and decreases again from 45 to 80°. The dependence on the orientation 
of the boundary was of minor importance. Below 0 = 10° and above 0 = 80°, 
the diffusion in boundaries was unmeasurably small (see Figure 12.27). 
According to Turnbull and Hoffman? separated dislocation pipes would show 
a diffusion constant variation, as described in Figure 12.28 for small angle 0. 
With increasing overlap (0 increasing), the diffusion peaks level off as they 
get closer together and finally come close to the bulk diffusion value Dy. 
(This is at an angle of misfit of 10 to 20°). As the angle increases, the individual 
pipe diffusion is no longer observed (overlap), and the boundary diffusion 
increases again to an angle of 45°, as shown in Figure 12.27. The individual 
pipe diffusion should be about equal to the 45° block diffusion if no micro- 
cracking is assumed. Turnbull and Hoffman find an analogous increase in 
activation energy with increasing misfit angle. These results, although yielding 
somewhat higher diffusion constants, are consistent with Smoluchowski’s 
results. The grain boundaries were very poorly produced and show large 
deflections and inhomogeneities responsible for the nonuniform penetration 
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Fig. 12.27 Grain-boundary penetrations asa function of 8 for é — 0°, 
45°, 90°, O, A, respectively. (After Couling and Smoluchowski.?) 
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Fig. 12.28 Variation of grain-boundary diffusion coefficient parallel to pipes 
for small 0(0; < 1°), 02 >, and 5 < 25°, O4 > 25° (Amax = 45°). 


measured. In a subsequently published paper,* the reasons for the partially 
different results of diffusion experiments on grain boundaries are reviewed, 
and facts are compilated that give credence to the assumption of a predomin- 
ance of the dangling bond in accounting for the remarkable electronic proper- 
ties of grain boundaries. It must be emphasized here that the bicrystals 
grown from silicon and germanium were specifically made to produce high 
barriers and that screw dislocations and twin relations were carefully avoided 
but that low energy boundaries were always used also in grain-boundary 
diffusion studies. None of the diffusion studies published to our knowledge 
has specified the electrical characteristics of the boundaries under study. The 
typical properties of grain boundaries, for cxample, the strong p-type behavior 
in germanium, cannot be explained by impurity segregation or diffusion. 
Mataré* points out that grain-boundary barriers of n-p-n type appear in 
crystals where the last solidifying parts are n-type, for example, antimony 
doping. Some researchers assume that copper plays a predominant role in 
these dislocations. But copper has a solubility that is exponentially decreasing 
at lower temperature (in germanium, the maximum is at 875°C). If copper is 
accumulated in the dislocations during crystal growth, the supersaturation 
during the slow cooling process inactivates the copper electrically, and rapid 
cooling activates the copper atoms. This is the reverse of what happens to the 
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grain boundaries in germanium. Rapid cooling or quenching deactivates the 
p-type centers in the grain boundary. 

Mention is also made of the proposition that the grain boundary as a region 
of higher local energy is the last part to freeze during crystal growth and that 
segregation therefore enhances Copper accumulation. But assuming normal 
segregation constants, we find an unmeasurably small effect. The transition 
region from n to p is located where the fractional recrystallization lies, that is, 
at 


‘Ry a a2 


=1- 
Ben (rox 


where Co, = concentration of copper, 
Co, = concentration of antimony, 
K, = segregation constant for copper = 1.5 x 1075, 
K, = segregation constant for antimony = 3 x 1073, 


Assuming for the sake of argument that copper is present at the same con- 
centration as antimony, Co, = Co, we get 


Oey = 1 —(2 x 10?) w 1, 


In this extreme case even the p-type zone due to copper would not develop at a 
measurable distance from the end of the solid phase. In addition during 
growth, the boundary is in constant contact with the liquid phase, and so the 
p-type layer does not originate on account of copper as an impurity, 

Hoffman’ has shown that, in effect, the penetration (or diffusion con- 
stants) parallel and vertical to the dislocations are very different. His results 
are summarized in Figure 12.29 and show how this difference decreases with 
increasing @ for silver bicrystals, Such a curve cannot be considered a stan- 
dard, however, because the kind of boundary (pure tilt or partial screw or 
twin) and the kind of diffusant have a strong influence on the extent of the 
Stress field and the Cottrell atmospheres. As mentioned already, Qucisser 
et al.° applied the Fishcr-Whipple formalism to the case of the spike diffusion 
in Silicon (see Figure 12.255), but with the assumption of an additional flux 
of solute atoms from the boundary into the bulk, expressed by 


Wo = Ob exp am (12.8) 


where b = Burgers vector, 
angle of misfit, 
maximum binding energy of a foreign atom with atomic radius 


U; 
1, = tsi(1 + &;), rs; = atomic radius for Silicon. 
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Fig. 12.29 Penetration ratios P,/P.. (parallel and perpendicular 
to dislocations) as a function of 8. Measurements by Hoffman’. 


Similarly a vacancy-controlled diffusion current down the dislocation core 
is controlled by 


Wp = b0 exp pe (12.9) 


when Uy is the sum of U; and the binding energies U, and U, for vacancies 
in compression and dilation regions, respectively. 

Thus the diffusion process is described from the divergence of flux in the 
grain boundary plus the inward fluxes from the bulk sides and an additional 
flux in the z direction (sec Figure 12.256): 


ey de dc’ ae,  (@ee 
Wo =0|(5). 2 (=) | # PM 2) + Dit. =3)> (12.10) 


where the derivatives with respect to x are limits as x +0 from x > 0 and 
x <0 sides of the boundary. c = concentration in the grains, ¢, = concentra- 
tion in the boundary region. 

In assessing the results, Queisser ct al. make certain assumptions concerning 
the dislocation type. For crystals grown isoaxially with a [100] growth axis 
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and 0 = 4.5 + 0.25°, the Burgers vector is thought to be b, = 4a [01T] along a 
[100] line. The dislocation spacing is given as 


b 
D~-7=55A. 
p= 55h 


But the authors point out that their boundaries were not completely symmetri- 
cal and that a slight rotation can lead to a [110] main orientation with a 
Burgers vector 4a [110], a case discussed by Hornstra? and leading to pairing 
of the dangling bonds. This would eliminate much of the electrical properties 
(preferred conductance along the boundary) and diminish the compression- 
dilation misfit used in the calculation of the binding energies. 

‘The higher than usual bulk diffusion constants found near the surface of the 
samples and the flattening of the spike toward the inner part of the crystal 
point to a lattice disturbance in the sense of the picture of microcracking 
discussed earlier. It is also significant that the spike velocity decreases strongly 
toward the inside of the crystal (—y direction in Figure 12.25a) and the pre- 
deposit strength Q does not decrease but increases slightly, 

Table 12.4 gives the interesting values given by Queisser® et al. in this con- 
text, with a figure showing the decrease in spike velocity (to 107? of the 
initial value) and the decrease of the relative spike depth compared with the 
junction depth as the spike moves into the crystal. 

It is significant that these authors found that the diffusion coefficient D (at 
the tip of the spikes) is abnormally high near the free surface and decreases to 
normal values at a depth y,/y, of about 10 Me 

It seems, therefore, that an assessment of binding energies by way of Wo 


Table 12.4 Diffusion of Phosphorous in Silicon at 1050°C 


t (total diffusion time), 0.5 1.0 2.0 40 16 80.3 133 
hr 

¥s (junction depth), y, 17 2.2 2.8 3.6 60 11.0 13.4 
smoothed 


¥s (spike depth), p, 10.6 11.6 12.7 138 164 20.0 21.5 
smoothed 

tan d 0.147 0.185 0.230 0.290 0.425 0.750 0.900 

v (spike velocity), ju/hr 2.6 14 0.8 0.4 0.13 0.03 0.02 


Q(predeposit strength), 44 38 48 65 9.7 104 8.2 
10'° cem=? 

P (diffusion coefficient), 0.232 0.174 0.145 0.114 0.070 0.045 0,042 
vbr 


Vil Ys 6.2 5.3 4.5 3.8 2.8 1.8 1.6 
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and Wy values expressed by the spike velocity may be doubtful and that a 
much higher precision in the control of the actual boundary type is needed to 
correlate electrical behavior and impurity atmospheres clearly. There is no 
doubt that in silicon the complicated behavior of oxygen gives rise to stronger 
impurity influence on dislocations. Thermal donors and acceptors acting in 
conjunction with boundary vacancies and impurities® result in variations of 
the energy-level scheme of dislocations quite at variance to the case of germa- 
nium. The tendency of silicon to form higher-order twins and screw disloca- 
tions should lead to a lower diffusivity in such cases compared with the edge 
dislocation. Measurements on silver-twist boundaries by Love et al.'° have 
shown that the self-diffusivity is about 5 of the values found for tilt bound- 
aries. According to Love!' it is probable that diffusion along random dis- 
locations in the lattice is greatly different from diffusion along a dislocation 
array in which stabilizing interactions between the individual dislocations 
exist. This picture is again valid only for medium-angle grain boundaries and 
breaks down for very small misfit (below a few degrees) and very high misfit 
(0 > 25°). The extreme stability of grown bicrystal interfaces was apparent in 
diffusion experiments on copper bicrystals when these were simultaneously 
subjected to slide.'? The coefficient of grain-boundary diffusion was found to 
be only 30 percent higher here than in static boundaries. The formation of 
cavities, however, was an additional aspect that acts as a retarding mechanism. 

In more recent work Pavlov et al.'* review the available literature on dis- 
location diffusion. They find a concentration dependence In ¢ = f(y) rather 
than In c = f(y?). In solving the diffusion equation for the boundary, Smolu- 
chowski' discarded this case based on the boundary condition dc/ét = 0 in the 
grain boundary at time f. Pavlov et al. used silicon samples subjected to 
antimony diffusion but used only crystals with random dislocations of varied 
densities. It is difficult to see how conclusions can be drawn from a statistical 
average of the effect of a number of very different dislocations, small-angle 
boundaries (lineage) and block boundaries (microcracks), of different 
orientation. 

Much more refined work is needed apparently to correlate all effects clearly 
that may play a role in this difficult problem, Summarizing the probable situa- 
tion with respect to individual dislocation pipes and tilt boundaries, the 
following scheme seems to be prevalent:'* 


0° <0<1°: Di > Dy: Dy ~10°D,: Di = Dy, 
1°<0< 20°: D2 D,>D,, 
20° < 0< 90°: Di ~ Di > Dy, 

diffusion constant in bulk, 


Dy diffusion constant parallel to dislocation, 
PD, = diffusion constant perpendicular to dislocation. 


w 
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x 
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Chapter 13 Device Applications 


The survey of the interesting properties of dislocations, dislocation arrays, 
and dislocation planes would not be complete without mentioning some device 
applications that are the consequence of those properties described earlier. 
In fact, some of the special aspects of dislocation planes have been derived 
on account of measurements that can be characterized as device type; for 
example, the photoelectric properties (high localization sensitivity), the exten- 
sion of the photoresponse under bias, the low-temperature conductance, the 
field effect, and the like, are all directly applicable to the interpretation of the 
properties of dislocations and are also useful in device structures. 

On the other hand, elucidation of these properties in devices can help in 
understanding the influence of dislocations on devices where they are contri- 
buting but where their influence is unwanted. 

We direct our attention to those properties which are well established and 
have been used in device structures already. Other more speculative device 
aspects that are based on a number of possible electrooptic interactions on 
account of the multiple-level scheme, such as upconversion, optical wave- 
guide structures, light-pumped maser applications, are not dealt with in detail 
in this text. 


13.1. PHOTOELECTRIC (MICROMETRICAL) APPLICATIONS 


In Section 11.7, the localizing sensitivity of a bicrystal as n-p-n structure and 
the extension of its optical frequency response with bias are described in 
detail. The high photoelectric sensitivity for light displacement gives this 
device an important advantage in cases where utmost precision in microme- 
trical equipment is desired. Use of bicrystals has been made, therefore, in 
tracking equipment where a target is pursued optically. The problem generally 
encountered in such cases is that the high localization sensitivity reaching the 
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resolution of millivolts per micron displacement with an illumination in the 
1,000 lux range (potentially reaching into the angstrom range when amplifica- 
tion is applied, since then the signal strength may be a factor of 1,000 or less 
smaller), is such that the device would not find a target without a broader fall- 
in control. This can be achieved by a superposition of a less localizing photo- 
cell, and after target acquisition the signal can be processed by the bicrystal. 
Because of the transparency of germanium in the infrared spectrum, two 
bicrystals of different resolution may be used in parallel in order to widen the 
view field. H. A. Schell’ has indicated relative resolution of bicrystal photo- 
cells. It is only necessary to use one bicrystal grown of high resistivity, n-type 
bulk material, in conjunction with a second one of low-resistivity n-type bulk 
material (see Figure 13.1). The photovoltage U, is plotted in absolute value. 
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Fig. 13.1 Superposition of photovoltage of two bicrystals (Germa- 
nium) of different bulk doping. 
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If the light beam has an initial local uncertainty of Ax = 600 y, it is centered 
between the peaks of the higher-resistivity bicrystal until it is centered by the 
peaks of the low-resistivity bicrystal, which may be only a few microns apart. 
The bicrystal representing a back-to-back connection of two diodes shows a 
characteristic U, as drawn in Figure 13.2. On broad illumination, the current is 
shifted, as shown by the curve J, . 


@ 


(Sa 


(b) 


Fig. 13.2 (a) Characteristic of bicrystal photocell as viewed 
in cathode-ray tube without (/,) and with (J,) illumination, 
(6) CRT-set-up for bicrystal J-V-characteristic display. 
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As Figure 13.26 shows, this characteristic is easily displayed on the cathode- 
ray oscilloscope with an ac exploration of small voltage while illumination is 
applied. 

A special aspect of bicrystal photocells is a relatively non saturating photo- 
current with applied illumination. For increasing light intensity (lux), the 
characteristic shifts to higher current values without basically changing its 
form. Figure 13.3a gives the typical result of measurements first published by 
H. A. Schell? and Figure 13.30 the form of a grain-boundary photocell, 

As the bulk crystal material changes with respect to resistivity and lifetime 
of minority carriers, certain aspects of these Pphotocells change also, Aside 
from the narrower minimum at the center of illumination for higher doping, 
we find a decreasing ratio of blocking resistance R* to spreading resistance 
R (see Figure 13.4) and with the increased lifetime a generally increased photo- 
voltage until the R*/R ratio reaches values below 200!. Schell? has made a 
comparison of the different discriminator cells, shown in Table, 13.1. 

For special purpose, silicon discriminator cells have been developed also; 
however, no junction or Schottky barrier combination can produce the sensi- 
tivity and localization combined that one finds in grain-boundary barriers.? 

As pointed out in Section 11.7, the interband states originating from the 
dislocations can have various effects regarding recombination. As mid-band 
levels, they are especially efficient in conjunction with amphoteric impurities 
like gold in enhancing photon-induced hopping from a low-lying level near 
the valence band into the conduction band by way of the mid-band dislocation 
levels. 

R. K. Mueller* showed that these grain-boundary photocells are not only 
extremely sensitive (to 10-1 watt sec) but also very fast. Their recovery time 
can be drastically reduced by a sweep voltage or pulse applied to the cell 
while the light pulses or the modulated light is impinging on the junction area, 
Frequency-response measurements on highly doped bicrystals have shown that 
for normal geometry the cutoff frequency is beyond 10 MHz, 

In a special application where small size and fast photodetectors were 
needed, laser patterns were measured. The bicrystal was exposed to different 
zones of the far field pattern in order to measure light intensity, threshold 
dependence, and time constant within defined areas of the lobe.* In this way, 
it was shown, for example, that the center lobe of the ruby laser has a longer 
burst duration during the pulse than the peripheral parts of the lobe and that 
the threshold at the center is lower than at the periphery. Figure 13.5 shows a 
typical result of the bicrystal output for the lower lobe. The sequence of the 
pictures of the bicrystal voltage is taken with increasing sweep frequency on 
the bicrystal. (a) is the far field pattern; (6) shows the burst pattern as viewed 
on the oscilloscope connected to the bicrystal, with a 200 p sec/em sweep 
voltage applied; (c) here the sweep frequency is a factor of 10 higher and the 
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sweep speed correspondingly 20 y sec/cm; (d) this is the result of a 4 4 sec/em 
sweep speed and shows clearly the individual laser spikes during the pulse; 
(e) the RC time constant of the bicrystal circuit is increased by insertion of a 
resistor (here 24 ohms) in series in order to suppress the individual spikes, 


leaving the envelope of the total burst. 
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Fig. 13.3 (@) J-V-characteristic of bicrystal with different illuminations in 
Lux. 
(6) Bicrystal photocell mount. 
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Fig. 13.4 (a) Dependence of R*/R (bicrystal blocking resistance/ 
spreading resistance), lifetime 7, and photovoltage 
U, on bulk resistivity in ohm em, 
(6) Different forms of localizing semiconductor discrimi- 
nator cells. 
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(a) Positioning of bicrystal photocell in ruby laser far 
field pattern, 


(b) Burst pattern taken at 200 usec/em sweep speed 
[50 mV/cm] of bicrystal. 
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(c) Burst pattern taken at 20 jsec/em sweep speed of 
bicrystal. 


(d)_ Burst pattern taken at 4 usec/cm sweep speed of 


bicrystal 


(e) Envelope of burst taken with augmented RC time 
constant at bicrystal circuit 


Fig. 13.5 
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The comparison of such localized high-frequency signals permitted show- 
ing, as mentioned, that the burst at the central lobe is longer than at the side 
lobes and that its threshold is considerably smaller. 
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13.2. PHOTOELECTRIC FREQUENCY CONVERTERS 


The property of bicrystals of changing their optical frequency response with 
bias applied is mentioned in Section 11.7, and photoresponse curves are shown 
in Figures 11.62 to 11.65, which reveal a relatively strong variation with bias 
applied. There is no doubt that the local fields at the grain-boundary barriers 
at a few volts external bias can reach high internal values and change the 
normal response because of the enhancement of the binding force and con- 
sequent occupation of the free bonds: q/go =/(V.). The number of charges 
q in dislocation levels increases with V, (qo = equilibrium number). We 
derived from this effect the relation (11.179), namely, that 


AV,{v) = const V,, (13.1) 


or a linear dependence of the variation of the photovoltage on the external 
bias voltage. In other words, the bias at the grain boundary increases the 
capture probability of minorities (holes, in the case of n-type germanium) and 
decreases the probability of electron capture. This is the usual effect of imper- 
fections and its influence on optical sensitivity (see, for example, Ref. 1, 
pp. 130ff). A further effect of the bias voltage was described as a stress-field 
increase due to increased coulombic repulsive forces in the dislocation arrays. 
This would lead to a band-gap widening (in germanium) and explains the 
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high-frequency extension of the photoresponse (see also overlapping band 
structures, Section 11.7), 

For an incident optical frequency somewhat off the band-to-band peak 
value of germanium (for example, 4 = 1.55 u or 0.8 eV), a comparison of 
the sensitivity of a bicrystal with an ordinary p-n photocell shows a factor of 
10 superiority of the photovoltage of the bicrystal (see Figure 13.6), 

The pronounced bias dependence of the optical frequency response of a 
bicrystal device, however, is the important aspect not found, at least to this 
extent, in ordinary photoelectric devices. This effect can be used in various 
ways. In Figure 13.7, we have plotted the photovoltage at the peak value of 
incident optical frequency (1.65 1) with the bias voltage on the bicrystal as 
parameter. As one sees, the effect is very strong. According to our earlier 
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Fig. 13.6 Comparison of photovoltage of a bicrystal and 2P-N junction from 
same germanium crystal (bicrystal @ = 25°), Width w ~ 50 mils, 
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Fig. 13.7  Bias-dependence of bicrystal 
photoresponse. Photovoltage V,(mY) plot- 
ted versus incident optical wavelength [11]. 
Parameter is bias voltage. Bicrystal (0 = 
10°), Germanium 0.01 ~ 0.1 ohm cm, 
N-type. Temperature = 300°K. Circuit re- 
sistance Re = 1 kQ. 
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Fig. 13.8 Bicrystal photoresponse versus bias voltage. Parameter is wave- 


length of incident optical signal. Same bicrystal and circuit as in 13.7. 
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derivations, the V, = f(V.) function is linear with a slope near to 1. In the 
complex formula for V, 


KT. [2n,,(ep)'/? V, 
v2 AF in| eae exn(- 24)| (13.2) 
the factor with #, however, is somewhat dependent on the incident frequency, 
because the comparable equilibrium charge density n,, is dependent on the 
incident light frequency, which also influences the barrier height @. For the 
center frequency (A,,, = 1.65 ,.), however, a slope of | is found. Figure 13.8 
gives the results for a limited bias change at room temperature for different 
incident-light frequencies as parameter. Similar linear relationships are found 
at 77°K (see Figure 13.9). At higher voltages V, a saturation is reached from 
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Fig. 13.9 Bicrystal photoresponse versus bias voltage. Parameter is wave- 
length of incident optical signal. Bicrystal @ — 10°. N-type bulk of 6.4 — 9.6 
ohm cm. Temperature 77°K. Circuit resistance R, = 5002, 


which the photovoltage does not increase but levels off. This is understood 
because in deriving (11.178), we used the exponential dependence of the carrier 
density at the barrier top on the voltage (11.76), which obviously has a satura- 
tion value. This is seen in Figure 13.10, which shows the photovoltage for a 
bias swing from 2 to 5 volts. The linear photovoltage bias dependence is 
similar to the case of photoconductive detectors; but in this case two barriers 
in opposition are involved, and the device has to be treated as a photovoltaic 
junction detector operating in the reverse part of its characteristic. The linearity 
of the photovoltage bias dependence does not, of course, eliminate the non- 
linear mixing properties, since the n-p-n junction (Figure 13.1 1a) current-volt- 
age relation at small bias obeys a Wagner-Schottky /-V characteristic. In the 
bicrystal case, one of the two junctions is forward-biased, the other one is 
operating in the blocking direction. In the series connection, the current- 
voltage relation is dominated by the reverse-biased side and the composite 
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Fig. 13.10 Bicrystal photoresponse as 
function of bias. Photoresponse versus 
bias voltage as function of optical wave- 
length. 6.4-9.6 Q-cm n-type germanium 
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Fig. 13.11 (a) Grain boundary N-P-N struc+ 
ture with forward current 
characteristic and reverse sat+ 
uration current (see text), 

(b) Composite J-V characteristics 
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characteristic is as shown in Figure 13.11b. We consider the Shockley-form of 
the saturation current of the reverse-biased characteristic, with the wider de- 
pletion region :? 


1 kT[ bo? 1 1 133 
ee [arm lezt an): ee) 
where b= y,/u,, = mobility ratio, 
9; = eun(1 + 6) = intrinsic conductivity, 
n? =n, p, = intrinsic carrier density, 
= mobility, 
electronic charge, 
CH, N, = n-type conductivity, 
bjt, Py = p-type conductivity, 
JV Dat diffusion length for electrons, 
» = \/D,t, = diffusion length for holes, 
= diffusion constant for electrons (92 cm?/s for germanium), 
, = diffusion constant for holes (=44 om?/s for germanium), 
ifetime for electrons, 
ifetime for holes. 


In a crystal of the geometry shown in Figure 13.12, the electron saturation 

current 
kT bo? 

= _ 13.4) 

"™"e (1+ 6)*o,L, G34) 

is decisive, since the barrier layer of width r is extending into the bulk n-type 

material, where the electrons are moving and the holes are attracted toward 

and kept at the grain boundary, as we have seen (Section 11.7). The contribu- 

tion to the saturation current therefore is multiplied by (r/2)/L, in expressing 


reversed = barrier layer width 
barrier w = junction length 


lave? t = junction widthw 


Fig. 13.12 Bicrystal geometry. 
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the electron contribution across the total depletion layer width r (see Figure 
13.11). Introducing the short-circuit current due to N hole-electron pairs 
generated per unit area per second, we have 


I,=w-e:N(L,+L,), (13.5) 
where w = bicrystal width. 


Here the area contributing to the current is defined by the diffusion length.? 
Simplifying and assuming that L, ~ L, and that the depletion layer width is 
of the order of a diffusion length, we have 


J, = weN * 2r, (13.6) 


The photoresistance or internal cell resistance is now given by 


_ Vy _ (kT IIe In{L(2n-(eb)!?)/dokT] exp(—(eV.)/kT)} 
R= ii 2rweN i OD 


according to (13.2). 

The decisive variables are the barrier height #, the external bias voltage 
v,, and the number of electron-hole pairs N. In (13.7) we have included the 
specific dependence of the photovoltage on the bias in bicrystals. We are also 
interested in the fact that bicrystals show the unusual extension of the optical 
frequency response with bias voltage V,. For ordinary p-n junctions, one 
derives an expression for the photocurrent at reverse bias and nonnegligible 
carrier generation in the depletion region,* which explains a small change of 
the spectral distribution of the photocurrent with V, (a factor of 3 to 6): 


exp( =| : 


13.8 
1+aL US) 


W= evi ef 
where = light flux density, 
a = absorption coefficient, 
r=1o JV, = barrier width, 
ro = width constant, 
V, = external voltage on barrier, 
L=carrier diffusion length, 


This is due to the band-gap variation in the depletion layer, which is sub- 
jected to high local fields (Franz-Keldysh shift). 

The amount of spectral response change observed in bicrystals goes, how- 
ever, much beyond the explained changes of a factor 3 to 6; for example, in 
Figure 11.64 we see that application of a normal bias (a few volts within the 


* W. Gaertner, Phys. Rev. 116, 84, 1959, 
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saturation range) accounts for a change of two orders of magnitude at a photon 
energy of 0.7 eV. To account for this effect, we have to include both the light 
signal input and the bias dependence in the final expression for the photo- 
voltage.> 

We start with (13.8) and introduce a light flux 


¥ = ¥o(1 + M cos «,t), (13.9) 


where ‘y = static photon flux, 
@, = signal frequency, 
M = modulation index of incoming light signal. 


At the same time, the bicrystal can be subjected to a small local oscillator 
voltage V,: 


V=Vo+V,cosoz,t, (13.10) 


where Vo = back bias voltage, 
V,, = local oscillator voltage, 
@,, = local oscillator frequency. 


This yields a photocurrent: 


1 a 
[T| = e¥o(1 + M cos wot - Tra %XP(—4r0, /Vo + V;, cos @)): 
(13.11) 


Since in the back-biased case 


and 


it is sufficient to retain only the first-order terms in the binomial expansion of 
(Vo + V, cos w,t)'/*, which leads to 


IT| = e'¥o(1 + M cos @, t) 


1 : ty Le 
«[t-aew[-an vr i(1 5 Foo ox1)]}, (13.12) 


II] =e (1 + M cos @,t) 


1 * — aro V, 
x [! irae exp(—iary./ Vz) exp( 2. cos on): (13.13) 


2 Pe Ve 
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Using the Bessel function expansion formula 


te 
eiteno a. Y eimotiny (2), (13.14) 
mao 
where J,,(z) = Bessel function of order m and first kind, and its expansion 


_ 1 (2\" (2/2 (z/2)* sal 
In(2) = ~(5) [ —Tiim +1) * 2Gm + Non +2) iF 3118) 


and finally the equality 
In Z) = (= 1)" InfZ)> (13.16) 


the last term of (13.14) can be expanded in a Bessel function series. Summing 
up by means of (13.14) and discarding the terms of higher order,* one finds 


exp(—aro / Vp a (ee A ) 
= 1-——_—*—_— pea Ea £5, 
|| = e¥o(1 + M cos 40 a Jo ae 


+2105 cos o, |}, (13.17) 


Wi, 


where Jy and J, are the Bessel functions of order zero and one, first kind. 
From (13.17) it is obvious that the term responsible for the formation of an 
intermediate frequency between w, and w, is 


‘aro V, 
eWoM |Sa, wa 7 oxP(— aros/ Vd} [us (= oe F)]- (13.18) 
Equation (13.18) multiplied by the load resistance R, would give the photo- 
voltage. 
From (13.18), we can conclude the following with respect to the result of 
heterodyning of an optical signal with a local oscillator (which is preferably 
here in the microwave region): 


1. The I.F. voltage (amplitude) is proportional to the modulation index M. 
This is the case (see measured data in Ref. 4). 
2. The I.F. voltage dependence on the local oscillator amplitude and the 
back-bias voltage are determined as follows: For 
ero V, 


He! 
2 Vp 


(always satisfied for small local oscillator voltage in the microwave range), 
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_ |Ri eho M] aro Vi 

Narco i(% FH) (13.19) 
~ RreoM (ary V, 
“Uren ayy) be 


Thus for fixed large back bias, the IF. voltage should be proportional to the 
local oscillator voltage amplitude V_.This law was also found valid in detailed 
parameter measurements.* 

In more detailed measurements on heterodyne receivers, (13.20) was found 
to be valid inasmuch as local oscillator voltage V, and bias voltage Vy 
established a characteristic of the form 


MV, 
Vn 
for the intermediate frequency voltage Vine 

So far, we have not yet considered that the backward-bias voltage Vyp— 
in the n-p-n bicrystal structure any bias voltage V, results in a backbias—has a 


direct effect on the Photovoltage according to (13.2). This can be considered 
by way of the internal cell resistance 


Vie =k (13.21) 


V, 
R, =, (13,22) 
s 
where the photovoltage V,, is expressed by (13.2) and the saturation current 
J, by (13.6): 


KT [2ng(ed)!”? ( <1) 
R= ye lf qokT  *P ie) ; 


The actual I.F. photovoltage with a local oscillator applied is 
Vip =(1|- Ry, (13.23) 
where |/| is given according to (13.17), and the static flux Wo is equivalent to 


J, _ saturation current density 
Yo = — = ——______"* 13.24) 
Yo we cross section . ) 


where w = bicrystal width, 
«= bicrystal height 
(see Figure 13.12). 


With (13.6) this leads to 
Wo = 2rNe/t. (13.25) 
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Therefore 
kT - i V, 
ijn AG cancel — et =aronl Va) |, (tro Me) 
wt 1+aL 2 Vp! 


+ a(S sie wy, i])n| nate exp(— 7): (13.26) 


As we discussed in connection with (13.17), there are ways to reduce this 
expression in practical cases because of the relative importance of the para- 
meters used. Generally, Vi| JVs or V,[s/V_ <1, and the Bessel functions 
Jo and J, can be reduced for small argument (ary/2) + (V, ly V.) by the series 
expansion (13.15). 

The interesting relation among photoresponse, bias voltage, and optical 
frequency response has other important consequences. In Figure 13.13, three 
different positions of the response edge are drawn, that is, three different bias 
conditions in the characteristic as measured and shown, for example, in 
Figure 11.64. This leads to a possibility of mixing the voltages resulting from 


1. A bias variation AV, and an incident light amplitude variation Ay, 
2. A bias variation AV, and a variation Af of the incident light frequency. 


We see in Figure 13.13 that a change in photovoltage can be effected by 
either a bias change AV, or a frequency change. By a AV, the operating 
point moves from characteristic b to c and changes the photovoltage for an 
amount AV, correspondingly. 


At reel 


Fig. 13.13 Bicrystal photoresponse and 
exploration. 
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A frequency change of the light signal from f, to f; results in a photovoltage 
change along characteristic b and yields a difference AV,,. Thus either AV, (by 
way of the local oscillator) can cause AV, for a fixed light-signal frequency 
or a -hange Af =f, —/, in the signal frequency causes a change AV’,. There- 
fore, a mixing between a frequency-modulated light signal (via Af) and an 
amplitude-modulated local oscillator (via AV.) results in an amplitude-modu- 
lated intermediate frequency. In other words, frequency variations induce 
resistance variations, which are then superimposed on local oscillator-induced 
resistance variations. 


AW=0)-Wo 
ho; (7) Se 


a Ro 


Let 


ESE cos Wot 


Fig. 13.14 Bicrystal mixer. Local oscillator voltage: Eo cos wot; Aw = 
1 — wo = intermediate frequency. co, — subcarrier frequency 


In summary, it can be stated that the bicrystal is not only a light-sensitive 
detector but well suited to the detection of frequency-modulated light signals. 
Other important questions in this respect have to do with the signal-to-noise 
ratio of such a light receiver. Since the bicrystal is not a quantum counter, but 
a junction detector and mixer, a light frequency conversion with a local light 
oscillator generates additional quantum noise that degrades the sensitivity. 
Therefore, the best use of these devices in optical communication is in con- 
nection with subcarrier demodulation when a light beam carries frequency- 
modulated signals (see for example, Figure 13, 14). With several local oscillator 
frequencies, several intermediate frequencies can be derived and extracted by 
separated tuned circuits. The equivalent noise-source schemes for such light 
mixers have been derived and signal-to-noise ratios given.? 
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13.3. THE DISLOCATION FIELD-EFFECT TRANSISTOR 


Early studies of grain-boundary barriers in transistor structures showed 
that the reverse (saturation) characteristic of the bicrystal can be shifted 
considerably by a bias to the grain-boundary sheet when an ohmic contact to 
the latter is established.’ 

In further measurements on such grain-boundary transistors power gains of 
20 db and more were measured,” ~* especially when the grain-boundary sheet 
was used as emitter, one n-type bulk side as collector and the other as base 
contact. 

In such a structure, the geometry for high-frequency performance is not 
optimal and suffers from relatively high emitter-to-base capacitance. Also, the 
degenerate sheet conductance is not used as such, and the advantage of its 
temperature-independent conductivity is not fully exploited. If, however, the 
dislocation sheet is used as the source-drain channel in a unipolar transistor 
structure, it seems that the interesting properties of the sheet can be ex- 
ploited.*:* Figure 13.15 shows how, at room temperature, the current-voltage 
relation across the bicrystal interface /,/V, changes when a voltage V; 
(leakage current /,) is applied to the bulk crystal sides. As V,, the voltage 
across the space-charge layer, increases (positive), the current /, through the 
dislocation sheet decreases. The sheet conduction is carried mainly by holes 
in the space-charge layer, as discussed earlier, A bias between sheet and bulk, 
therefore, acts as the gate voltage in a normal field-effect structure or surface- 
barrier transistor. The geometry of the device is shown in Figure 13.16, 
where the dimensions of the test samples are also indicated. The actual 
transistor is shown in Figure 13.17 in x 30 magnification. The grain-boundary 
contact (indium alloy) is in the center (source-drain contacts), and the gate 
connections to the monocrystalline sides are visible on cither side of the 
bicrystal wafer. A simple equivalent circuit of this field-effect amplifier is 
shown in Figure 13.18. The input is the gate circuit with its relatively high 
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Fig. 13.15 Dislocation field effect transistor-characteristics. Sheet current versus sheet 
voltage with gate voltage as parameter (room temperature) 


N-type germanium 


Grain-boundary sheet | 


Fig. 13.16 Dimensions and circuit of grain-boundary amplifier sample. Note. F = indium 
alloyed junction forward biased; R — indium alloyed junction reverse biased. 
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Fig. 13.17 Grain-boundary field-effect transistor. Bi- 
crystal side contacts Pb-Sb; center contact to G.B. line is 
indium. 30x. 


Input Ry S108 = fase Output 
Ch Cy 


Fig. 13.18 Grain-boundary amplifier simplified equiv- 
alent circuit; C; + 100 ppF due to contact capacity; 
C1 ~ 100 uF grain boundary capacity; Rz channel 
resistance; R, leakage resistance, 


impedance of 10° ohm due to the barrier-layer separation. The gate-source or 
gate-drain capacitance is in the 100 zuF or 100 pF ~ 100 cm range, which is 
high because of the large samples and the use of relatively highly doped bulk 
material (N > 10'7 cm~*), The same applies to the output capacitance. The 
actual grain-boundary-plane resistance (channel resistance) is 1000 ohms in 
this case. 
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From the expression for the conductance g, derived in Section 11.6, equa- 
tion (11.154), one can derive a dynamic conductance due to a charge modula- 
tion +AQ at the gate: 


a = 220 (13.27) 
see (11.154), 
This leads to a sheet current J, : 
pene y, (13.28) 


where V, = sheet voltage. 

The transconductance of the device follows from the differential of the 
channel or sheet current J, with respect to the input or gate voltage V, for 
constant drain or channel voltage V, : 


=) 
ye fee : 13.29 
Z (a rea se) 


As derived in Section 11.6, the sheet or channel current can be found as the 
ratio between charge and transit time in the channel. Therefore 


_ AQIts) _ ACCS) 
a (13.30) 


The gate-electrode capacity variation is a function of the operating frequency 
Sat high frequencies. 
A maximum voltage amplification G,,,, can also be defined!® on this basis: 
A O(A/t,)]~" 
CMe Be ( =| (13.31) 
T (tv, ov, 
Here G,,,, is essentially expressed by the capacity variation with gate voltage. 
If the gate electrode also has an inductive component, one gets 


AC(f) +t, [: 2 ar) @  1(18%82) 


Gmax = 
V, const 


Gmox = AC(f)- L, +12 
Amplifiers of this kind have been investigated? at room temperature, 
liquid nitrogen temperature (78°K), and liquid helium temperature (4.2°K) 
and have been found to improve in transconductance as the temperature is 
lowered. A typical characteristic is seen in Figure 13.19. As the insert shows, 
the sheet current is plotted along the ordinate, the sheet voltage along the 
abscissa. Parameter is the gate voltage. The gate current is negligible at liquid 
helium temperature and is of the order of 


I, <1077A. 


x.y, * Oay, 


Vy =const 
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Fig. 13.19 1/V-characteristic of a grain boundary field-effect transistor at 
liquid Helium temperature. 


It is seen that the field changes of the degenerate sheet conductance are rather 
strong. This has been difficult to explain.* The reason seems to be the low 
activation energy of the dangling-bond levels filled with electrons that 
are not deactivated even at very low temperatures and are compensated by 
free holes in the space charge around the dislocation sheet (at about 10° * cm 
from the core). A potential change at the space-charge layer (about 10~* cm 
wide) then affects the number of holes and, therefore, the sheet conductance. 
Practical devices have been built and used in low-temperature experiments.? 
It is worthwhile to mention a few aspects that may lend this device a certain 
importance in future high-sensitivity optical and microwave equipment. The 
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problem of amplifying faint signals derived from photodetectors is acute. 
In the far infrared, amphoteric doped germanium monocrystals are used to 
detect faint optical signals, In all cases, optical detection beyond 10 y has to be 
carried out at low temperature. Crystals with good sensitivity between 10 and 
20 @ wavelength are germanium-silicon, zinc-doped; germanium, mercury- 
doped; germanium-silicon, gold-doped; germanium, cadmium-doped; and 
for the wavelength range beyond 20 to 40 #, germanium, copper-doped, and 
germanium, zinc-doped. 
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Fig. 13.20 Bicrystal field-effect transistor as low 
temperature amplifier in infrared sensing equip- 
ment. 


Sensitivity of such photoconductors is highest at liquid helium temperature, 
where kT is kept below the signal noise level. It is important to amplify the 
small signals emanating from the quantum counter without adding thermal 
noise. A cable connection from such an infrared detector in the cryostat to a 
room-temperature amplifier adds generally of the order of 20 db to the noise 
level and deteriorates the detector sensitivity. Here a low-temperature ampli- 
fier connected to the photodetector right within the cryostat is the ideal 
configuration. After the signal level is sufficiently amplified, a cable connection 
can bring the signal out into the room-temperature amplifier without diminish- 
ing the signal-to-noise ratio (schematically shown in Figure 13.20). If the 
bicrystal amplifier is made small enough to respond to higher frequencies, 
it may also be used in connection with MASER receivers. In the usual ex- 
pression for the transconductance 

d-w 


9 = 25 (13.33) 
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Fig. 13.21 Scheme of grain boundary tunnel transistor (see text). 
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see e.g. Ref. 13.8—the space-charge width is given by the crystal properties, 
but the ratio d// can be made large by increasing the channel extension d and 
decreasing the channel length / (thin bicrystal samples). See also Figure 13.16. 

It has also been shown that an additional inductive component in the gate 
circuit (generally present because of contact leads) in this case may increase 
the limiting frequency.® 

Finally, the noise figure of this device should be mentioned, because it 
seems that this alone can justify the application of low-temperature field- 
effect transistors. As the field-effect transistor is, already at room temperature, 
a low-noise device, it should be a very excellent low-noise amplifier at liquid 
helium temperatures. As shown for ordinary field-effect transistors,’’ the 
resulting noise resistance is very low and caused by the thermal noise of the 
conducting channel, with a minor contribution from the gate junctions that 
are causing shot noise.’ According to van der Ziel, the equivalent noise 
resistance R, (in i? = 4kTR, A fg2), 


9m = mean value of transconductance 


can be represented by R. =o, (13.34) 
5 
al, 
where Is=-(=> » source transconductance (13.35) 
OV) v,=const 
él, A 
Ja=— (7 » drain transconductance (13.36) 
OV.) V=const 


Gmax = Ga + Gs- (13.37) 


This results in values close to 1/gm,x When the saturation range is considered 
(Gs © max aNd gy = 0). In this range, the noise resistance can be equalled to 
the reciprocal transconductance value. 

Considering, however, the junction leakage current with its shot-noise 
component, the noise depends rather on the ratio of the load impedance gy 
to the square of the junction or gate conductance, go/g?.'° 

There have also been attempts to use the grain boundary as a low-resistance 
sheet in connection with the base modulation in tunnel transistors.'? Because 
the problem is the efficient base current modulation, the grain-boundary sheet 
serves as a base extension that can be subjected to field changes (see Figure 
13.21), The degenerately doped layer at one bicrystal surface (P* : 5+ 10!9 
cm~*) serves as base layer for the tunnel junction. But the base contact is 
attached to a (p*-type) contact layer to the grain-boundary sheet at the other 
side of the sample. Gate electrodes to the bulk are foreseen to effect a sheet 
modulation. 
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13.4 STRESS-STRAIN TRANSDUCERS 


In connection with the devices based on dislocations, we briefly describe 
an application that makes use of the unusual lattice configuration in a 
dislocation sheet and of the fact that this sheet is separated from the surround- 
ing crystal material by junctions. 

Conventional semiconductor stress transducers operate on account of the 
piezo-resistive effect, that is, the interaction between the stress tensor and the 
electrical resistance tensor.’ In material of symmetrical cubic structure, like 
silicon, only the basic piezo-resistance coefficients 741, %2, and 144 (Nag = 
135 =%ee) are important. All other shear components vanish for cubic 
symmetry. 

It can be shown that for cubic crystals like silicon and germanium, with the 
orthogonal axes along the crystal axes, the piezo-resistance coefficients 
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Ting => Tpq (n' refers to the arbitrarily oriented set of rectangular axes and is 
replaced here by a set along the major crystal axes) take the form? 


M1 TM. MT. 0 O 0 
M2 M1 Mm 9 OO 0 
TM. M2 ™ +O O O 
0 10 0. xy. 20. Ol |" (13.43) 
0 0 0 0 hea 0 
O30 36 0 0 mee. 
Therefore 7,;, 72, %44 only are the basic piezo-resistance coefficients 
corresponding to the crystal axes. 
If a filament of silicon is subjected to tension while subjected to an electric 
field E and a current i, the current density can be described by 


Tgp = 


‘ap 


<= il +2,0), (13.38) 


where E, V/cm, 
p, ohm cm, 
i, amp, 
7, = longitudinal stress gage factor (coefficient), 
o = longitudinal stress. 


Defining the current flow in the longitudinal axis of the element and using 
direction cosines /,, m,, n, from the cubic crystal axis to the longitudinal axis 
of the element, one may express the longitudinal stress gage factor as 


My = My — AM, — M2 — Rag (limi + Hint + minj). (13.39) 
The gage factor can also be expressed in terms of the piezo-resistive coeffi- 
cients and the Miller indices h, k, /: 
Wk? +P +P 


™m|= M1 + 2m + M2 — MIG BE (13.40) 
In terms of the change in resistivity, the simple relation can be used: 
A 
oP an, 6, (13.41) 
Po 


where po = zero stress resistivity, 
Ap =p—Po- 
It is well known that the changes in resistivity with a stress component o— 
(13.41)—are larger when several orientations are involved, since piezo-resis- 
tance components add up when different combinations of electric field vectors, 
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Fig. 13.22 Semiconductor strain gage, and stress compo- 
nents o1, 02 as well as shear stresses 7,2 and 73, 


current directions, and piezo-resistance coefficients are combined. For example, 
consider a semiconductor strain gage, as shown in Figure 13.22, with current 
in the longitudinal direction. If subjected to a longitudinal stress o{, a trans- 
verse stress o3, and a shear stress t,2 = T2,, the relative resistance change is 
given by 

AR 


— = 4104 + 4203 + Mag Tir, (13.42) 
Ro 


where Ro = zero stress resistance, 
AR = R — Ro = resistance change, 
R = resistance under stress. 

On a micron scale three major stress components in the crystal may appear 
as only one external stress component in the expression for the resistance 
variation AR. 

Numerically, the important piezo-resistance coefficients for silicon at 300°K. 
are, for example: 


Type Resistivity, ohm cm Tm. T™2 Tas ™ 
n 11.7 —102.2 53.4 ~13.6 —142.0 
P 18 66 —11 138.1 —130.4 


Se 
—_———_ ~~ 
x 10-? cm?/dyn 


T= 711 — Tz Taae 


To maximize Ap/po in (13.41), the gage factor z, has to be maximized, 
which results in particular choices of crystallographic orientations with respect 
to the stress direction. 

The saturation character of a single AR/Rp versus stress component relation 
limits the efficiency of gauges made of monocrystalline material if they are 
subjected to uniaxial strain. Therefore, the use of a sample geometry favoring 
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a summing up of principle strain in several crystallographic directions is 
desirable. A current direction normal to the plane of gauge fulfills this 
condition, as shown in Figure 13.23. However, in the case of one major 
crystallographic direction of the current flow, only multiple components of 
an essentially unstrained lattice contribute to the piezo-resistance, as shown 
in Figure 13.24. 


Fig. 13.23 Current direction normal 
to the plane of gage of a stress-strain 
transducer, 


Fig. 13.24 Major current flow in [100] 
direction within a concentric strain gage. 


In bicrystals an originally multioriented crystal sheet gives the possibility 
of a AR/R overlap due to stress-component overlap. For example, consider the 
external stress o, acting on a dislocation plane (see Figure 13.25). It is vector- 
ially decomposed at point A within the dislocation sheet into two components: 
a vector o, acting perpendicular to the (100) plane of individual crystal one 
(right bulk crystal) and o, perpendicular to the dislocation plane. The relative 
resistance change in the direction of the dislocation sheet is therefore a function 
of two basic piezoelectric coefficients, Resulting lattice deformation forces 
especially on the offset (tangent /) lattice planes in the strained crystal induce 
piezo-resistance changes in the disturbed layer of the bicrystal, A. 

Contacts with the dislocation plane have been discussed and are generally 
p-type in order to make ohmic contact to the p-type acceptor layer around the 
dislocation sheet. 
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= Compression region 
D = Dilatation region 


Fig. 13.25 Dislocation plane subjected to stress (sce text). 


It is known that p-n junctions subjected to strain are producing remarkable 
changes of the saturation current when biased in reverse. Many devices are 
based on the junction current changes where also direct amplification of the 
effect in transistor structures is feasible. Such effects can be used in bicrystal 
devices where the junction at the dislocation plane is involved. 

Considering the grain-boundary energy, as derived in Section 7.1 and 7.2, 


bpm 
E.=3| adr (13.44) 
for the radial stress component o, (6 = Burgers vector) an additional external 


stress component a, (see Figure 13.25) can be superimposed, giving an approx- 
imation of the energy increase: 


E= =f tics 5+] dr, (13.45) 


where jt = shear modulus (~ 10'* dyn/cm? for Ge and Si), 
v = Poisson’s ratio (~ 0.4 for Ge and Si). 
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Thus 


HB ti), 8 
Fag e(2) +3) % dr. (13.46) 
There are several ways to use the junction in connection with the bicrystal 
sheet in stress-strain transducers. Figure 13.26 shows an example of a bicrystal 
where the junction current is monitored while the pressure A, is applied ortho- 
gonal to the grain-boundary plane. The sensitivity of the junction to light can 
also be used as shown in Figure 13,27 with the pressure A, applied parallel 


Fig. 13.26 Bicrystal transducer. 


(b) 


Fig. 13.27 _Bicrystal transducer as phototransistor structure with a.c. bias. 


WT 


Fig. 13.29 Bicrystal field effect transistor as stress strain trans- 
ducer. 
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to the dislocation sheet. Here an alternating bias supply facilitates amplifi- 
cation. In a similar fashion the light intensity can be modulated and the 
resulting current variations amplified (see Figure 13.28). The most sensitive 
application without the use of light (phototransistor) is in the form of the 
field-effect transistor structure described in Section 13.3. In this case, the 
bicrystal field-effect transistor plate is mounted on the membrane, and a small 
ac voltage is fed into the gate contact while source and drain contacts (to the 
grain boundary) are connected to the amplifier (see Figure 13.29). The mani- 
fold orientation relations possible for bicrystals to enhance the sensitivity as 
stress-strain transducers have not yet been considered in detail, but it seems 
worthwhile to consider this case of especially combined piezo-resistance 
overlap for particularly sensitive transducers. 
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Chapter 14 Dislocations and the Electronic 
Properties of Semiconductor Devices 


The main application of the knowledge of the properties of dislocations and 
dislocation arrays lies in the fields of device performance, device yield, device 
reliability, and reproducibility. Because devices are integrated and are sup- 
posed to maintain a high degree of performance, the materials qualities gain 
increasing importance. 

In microelectronics, where device size decreases and device density in- 
creases, the bulk material is the key to the definition of device yield when 
process parameters are well controlled. 

How “ good” a given crystal material is, however, is a complicated function 
of device type, operational conditions, density, process parameters, and cost. 
It is impossible to define the materials quality independent of these parameters. 
On the other hand, modern high-density microcircuitry has pushed crystal 
quality control to the point where monocrystals with diameters of several 
inches are mass-produced for which not only the dislocation density is guar- 
anteed within narrow limits down to zero but where also radial and longi- 
tudinal resistivity gradients in the 0.1 per cent range are maintained for 
material in the ordinary doping ranges. 

The control becomes extremely difficult in all cases where process-induced 
dislocations have to be considered, as in diffusion and ion implantation. 

This field is of utmost importance to the industrial device development and 
production, and we therefore add some considerations that may be useful in 
the quest for better control of all parameters. 

We first summarize some basic effects due to dislocations in devices and 
then direct our attention to the important field of thin films. Here the limita- 
tions are reviewed when structural imperfections are considered. A buildup 
of a crystal base by homoepitaxial and heteroepitaxial processes is also very 
important in modern devices and can be combined with the device con- 
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struction itself. It is imperative to know the constraints in these methods in 
order to avoid the well-known problem of good laboratory samples but 
prohibitively low production yields or high costs. 


14.1 DISLOCATIONS IN JUNCTION DEVICES IN GENERAL 


The effects of the dislocations measured in bulk crystals regarding resistivity, 
mobility, and lifetime have been described earlier. In general, dislocations do 
not add free electrons to the amount of free carriers available, as had been 
assumed originally (W. T. Read), but they actually withdraw free electrons 
from the free carrier pool to form a space charge. As we have seen in the case 
of III-V compounds, there are, however, situations where dislocations act as 
donors. 

The work on silicon has also shown that both cases can be realized, depend- 
ing on the environment of the dislocation with respect to doping. 

Much literature is available on imperfections, predominently point defects 
and statistically distributed dislocations and their behavior in bulk crystals." 
As a general rule, the resistivity is basically affected only for dislocation 
densities in excess of 10° to 10° cm~?, which corresponds to an equivalent 
bulk ratio in intrinsic germanium (n; ~ 10‘? cm~*) of 107* and in silicon 
(n; = 10'? cm7) to an equivalent of 107%. It is known, however, that the 
radial resistivity gradient in Czochralski grown crystals can be kept smaller 
when such “normal” dislocation density is counted, compared with dislo- 
cation-free crystals. This is certainly due to the Cottrell atmospheres around 
the dislocations. A regular distribution of dislocations across the horizontal 
crystal axis enhances a more regular impurity distribution and diminishes the 
effects of the temperature gradient, segregation differences due to rotation 
(angular velocity gradient), and coring in particular. 

A property really sensitive also to small amounts of dislocations is the life- 
time of minority carriers. For germanium, the simple rule can be used: 


Na(cm~?) = (z[in sec])7*; 


for example, a dislocation density of 10* cm~? allows a lifetime of 10~* sec. 
Considerable influence on resistivity and mobility values was found in mater- 
ials where defects were generated by nucleon bombardment. If neutrons of a 
density approaching the doping range are injected, strong changes and rapid 
annealing are found.’ To judge from these figures of the behavior of bulk 
crystals, one would not consider dislocations a basic impediment for device 
performance when “normal” densities are considered. This point of view was 
originally the basis for controversial argu ments at the time when mobility and 
resistivity were considered the most important defining factors for the device 
potential of a semiconductor material (1948 to 1952). Later it became apparent 
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that these magnitudes may have excellent values, although the greater number 
of devices produced from these crystals are useless. This is simply because a 
device operates on account of steep impurity gradients and high-field regions 
within a crystal and dislocations, especially within these areas, are able to 
degrade such devices in a way recognized much later and to be described here. 
But even today, many researchers predict device potential of materials (e.g., 
epitaxially grown semiconductors on insulator substrates of other materials) 
on account of measured resistivity and mobility data only. We discuss the 
pitfalls of such arguments in Section 14.4. 

The modern trend to decrease the individual device size in order to accom- 
modate many devices on one wafer and to accomplish multiple device func- 
tions in a “large-scale integration” has produced interesting consequences 
with respect to yield, performance, reproducibility, and reliability. On the one 
hand, decreased device size in itself improves the chances of high performance, 
since more devices are free of dislocations. For example, in material of 10° 
dislocations cm~?, devices of 100? active area parallel to the crystal surface 
would find one dislocation each at an average. In the same material, power 
transistors of a few mm? surface, however, would find 10* dislocations per 
junction area, a prohibitively high amount for reasonable yield. 

As device size decreases the use of the available crystal surface increases 
simply because of a now higher device density. But, judged from an overall 
point of view of yield, the importance of highly perfect material is the same for 
large and small area devices. As high-density micro-circuitry with simulta- 
neous deposition of active and passive devices progresses, an ever-increasing 
emphasis is placed on the perfection of crystals. Dislocations and other large 
defects, such as impurity clusters or combinations of these, are well-known 
causes for device performance failure, device deterioration, low reproducibility, 
and yield, and deviations from design specifications. Therefore, crystal 
production has developed for years in order to produce more perfect crystals. 
Czochralski and floating-zone growth equipment has been developed con- 
tinuously in this direction, and also radial and vertical resistivity gradients 
have been decreased. The “* Dash” seed-crystal diameter-reduction method in 
Czochralski growth and in modified floating-zone equipment can yield dis- 
location-free material, and the growth methods (speed of rotation and lift) are 
so well in hand today that almost any desired dislocation density can be 
achieved. The use of dislocation-free crystals has increased greatly during the 
last years in spite of the fact that process-generated dislocation densities are 
often even higher than the figure of 10° cm~? quoted for good “ordinary 
crystals.’” Much work has been done in order to identify the process character- 
istics responsible for the generation of dislocations and corresponding device 
failure and degradation. G. Schwuttke has made important contributions in 
this field and has shown that diffusion, heat treatment, alloying, and formation 
of oxide layers generate crystallographic disturbances that are altering if not 
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destroying device characteristics (see Ref. 2, with main literature cited in the 
text). An important tool developed to “see” such crystallographic changes is 
the SOT technology of producing x-ray diffraction topographs of larger 
crystal areas. SOT, scanning oscillator technique, describes a modified x-ray 
diffraction method originally described by A. R. Lang [/. Appl. Phys., 30, 
1748 (1959)], in which the primary x-ray beam is shielded and only the diffract- 
ed beam reaches the photoplate. In trying to apply this method of a very 
refined structural analysis to larger crystal areas and even complete wafers, 
G. Schwuttke introduced the scanning mode, in which the incoming x-ray 
beam oscillates around a central position of incidence by slight angular deflec- 
tions. 

A large amount of pictures of crystals before and after processing through 
typical microelectronic production steps shows that dislocations and disloca- 
tion networks (lineage) are generated by the following :* 


1, Surface damage (handling) 

2. Thermal oxidation 

3. Diffusion of impurities like phosphorous and boron (within the diffused 
areas) 

4. Diffusion-generated strain in adjacent areas not subject to the diffusion 
(stress jumping especially in the case of emitter edge dislocations) 

5. Ion implantation 

6. Alloying 

7. Metal deposition 


The original project of the growth of silicon web dendrite crystals was 
concerned with the growth of perfect crystals by a cheaper method than 
Czochralski growth in order to avoid the cutting and subsequent losses of 
crystal boules when tailored into wafers. 

Such dendrites have been found to abound with crystallographically 
strained regions that, on thermal processing, convert into dislocation networks 
and make these crystals highly imperfect.? 

As far as the actual influence of dislocations on devices is concerned, 
experimental work shows clearly their effect of increasing diode leakage 
current and causing microplasma breakdown.®: * It has been found, however, 
that their direct electronic effects in silicon are less apparent than in germanium 
and gallium arsenide. As we have seen, silicon has a tendency to form twin 
lattice structures without dangling bonds, and most often the free bonds of 
dislocations are neutralized by surrounding point defects.> The Cottrell 
atmosphere can directly serve as a neutralizing agent. Here foreign atoms 
with smaller radii than the host atoms find their appropriate place in the 
compression regions, and larger impurity atoms are drawn into the dilation 


"For an excellent treatise on the microscopy of dislocations, see: S. Amelinckx: ‘The 
Direct Observation of Dislocations”, Solid State Physics Suppl. 6, Academic Press 1964. 
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regions surrounding the dislocations. Also metal deposits can cluster in or 
around dislocations as nucleation centers. 

Complex interactions among impurities, defects, and surfaces are possible 
in device production, where many different doping agents and metals can act 
in conjunction. The accumulation of copper as a precipitate in the junction 
area may be less strong for a higher dislocation density in the bulk so that for 
the particular temperature treatment the copper atoms are drawn into these 
sites instead of precipitating near the space charge, where they degrade the 
junction of a device. This is a special case of a useful role of some dislocations 
in the bulk. 

Also the statement that stable dislocations are less damaging than moving 
dislocations is correct, since in device production such strain-propelled cluster 
centers easily concentrate because of a stress field in one direction, But it is 
at least a simplistic generalization, therefore, to consider the dislocation a 
useful part of the bulk.® Whelan? has clearly shown that the measurements of 
the leakage current of diodes can be correlated with the dominant recombina- 
tion generation level of the dislocations. 

Plotting the reverse current versus temperature (actually //n, versus 10°/T) 
and comparing with the current expression as derived for a recombination 
center near the center of the energy gap, 


Typ= — AWani| [te + te "#'-#], — (Sah-Noyce-Shockley)* 


where A = constant (area), 
q = electronic charge, 
n, = intrinsic carrier density, 
W = space-charge width, 
B= WkT, 
(N,on0)"*, 
= (N,o,0)~', 
N, = density of bulk recombination generation centers, cm~*, 
o,,, 0) = capture cross sections of defect for electrons, holes, 
= thermal velocity of free holes and electrons, 


gives a reasonable value for ¢; —@, = + 0.055 eV for the dislocation level, 
compared with the center of the gap energy ¢, (0.585 eV). (Silicon) 

Whelan argues that in his case $,; — , is negative, because a positive value 
would lead to electron lifetimes higher in the space-charge region than in the 
bulk, which is unlikely because of the defects present near his n* regions for 
MOS transistors. With the silicon mid-band value ¢; = 0.585 eV from the 
valence band, $; — @, = —0.055 gives a value of 


, = 0.640 eV 
* Proceed. IRE; 45, p. 1228 (1957). 
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in accordance with the dislocation level in silicon measured by other methods 
(see Section 9.1). 

Measurements of the conduction anisotropy in deformed samples have 
generally established the fact that the space-charge cylinders around disloca- 
tions are the main factor to consider’ (see also Section 11.2 and Figure 14.1). 

Sometimes the explanation for the increased leakage current is based on the 
Cottrell atmospheres around dislocations. Here foreign atoms with smaller 
ionic radii than the host concentrate within the compression regions and 
impurities with larger ionic radii find their appropriate places in the dilation 
regions around the dislocation. We mentioned also that metal deposits can 
form in or around dislocations as nucleation sites. 


100 200 300 400 500 
TK 
Fig. 14.1 Temperature dependence of resistivity parallel 


(p) and perpendicular (p,) to dislocation pipes (po unbent 
sample) (after Glaenzer-Jordan”). 
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All these effects are certainly deleterious for device properties. It is, how- 
ever, an important question to what degree these effects influence the device 
performance in actual cases of device production and in microcircuits and if 
effects of isolated dislocations in statistical distribution are as important a 
cause for failure as dislocation agglomerations or lineage, for example, where 
the Cottrell atmospheres are of lesser importance than in the case of individ- 
ual dislocations. 

The impurity atom has a radius that may be represented as 


n=r(l+e), 


where r, = host atomic radius, 
€;= correction factor or proportionality constant of impurity atom 
with respect to host atom radius: ¢; = (r; — 7)/r,. 


If e; is negative, the compression side of the dislocation is occupied; if e; is 
positive, the dilation side is involved. 
Queisser et al.® estimate that for phosphorous 


a(P*) = —0,055 to —0.09. 


The higher value is an estimate based on tetrahedral radii and ionization of 
the phosphor atoms. Using the mean value of 


o(P*) = —0.07, 
we have for the impurity radius 
re=r, x 0.93. 


Since, for example, in silicon r(Si) = 1.17 A, the impurity radius is 
7, = 1.17-0.93 A = 1.088 A, 


while r(P) = 1.10 A. 

This would actually correspond to a reduction of the ionic radii in disloca- 
tion sites when the compression regions are occupied. 

Experience tends to give preponderance to the actual space charge originat- 
ing from the free bonds. Only in extreme cases of impurity clustering around 
dislocation sites acting as nucleation centers, do strong electronic effects result 
(for example, in copper decoration). These cases are relatively rare in devices 
produced with ordinarily moderate impurity densities. 

As shown in the preceding chapters on the electronic properties of disloca- 
tions, our main concern should be the actual array of dangling bonds and the 
resulting space-charge pipe. 

As we have seen, such a pipe acts as a highly conducting path because of 
wave function overlap but establishes blocking properties in a direction 
perpendicular to the pipe. 
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Therefore the orientation of the dislocation is of importance for its be- 
havior in depletion layers where its influence is mostly felt. 

The high field region in all junction devices or the intrinsic layers are most 
sensitive in this respect. If the array is located (a) in the direction of the field 
lines between the n and p layer, it establishes an efficient breakdown region 
and forms the origin for microplasma excitation (case a in Figure 14.2). If the 
dislocation is (6) running parallel to the p-n layer, it may not interfere with the 
junction properties, but its space charge widens considerably because of 
the bias effect (see Section 9.3). 

In case a, a high current density also leads to local heating effects and event- 
ually to a destruction of the crystal properties (segregation, second phase 
formation, melting, and the like). 
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Fig. 14.2 Dislocation arrays with space charge 
pipe in Wo positions within barrier layer region, 


It is due to these effects of dislocations, especially of the lineage type, that 
bipolar devices are extremely dependent on the dislocation density. 

Process-induced dislocations have the same effects as in-grown defects when 
they are located within the high field regions of the devices. But this does not 
mean that the original wafer perfection is less important. All causes contribut- 
ing to the dislocation density should be avoided. If, however, the original 
wafer has a dislocation density Ny < 10° cm~? and a high concentration 
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phosphorous diffusion, for example, generates N, = 10° cm~?, the wafer 
quality can be lowered to Ny = 10* cm~* without a major loss in device 
yield, because the number of dislocations per given device or junction area on 
account of grown-in dislocations is only | per cent of the generated dislocation 
density. 

We have already mentioned that dislocations and their effect on the lifetime 
of minorities are a specific reason of failure in bipolar transistor structures. 

In unipolar devices like field-effect transistors, this dependence on the bulk 
crystal properties does not exist to such degree because only majority carriers 
move across the source-drain channel and the device works satisfactorily as 
long as the gate electrode is not drawing appreciable leakage current through 
the channel isolation (a dielectric layer, a depletion layer, or a surface barrier 
layer). However, the last condition is no longer fulfilled when dislocations 


Source Gate Drain 


Substrate 
crystal (Si) 


Fig. 14.3 MOS (FET) cross section and effect of dislocation pipes on current flow 
in channel region. 


are orientated perpendicularly to the gate surface within the gate depletion 
region. This is an occurrence of great probability in all surface barrier (MOS, 
FET) devices, since the surface-generated dislocations, due to the SiO, 
deposition, for example, are in the proper direction as they are generated by 
tensile stress due to the difference in expansion coefficient. In Figure 14.3, we 
show how the dislocation array can interfere with the operation of an MOS 
structure. 

In the case of random distribution of dislocation networks, the approach 
to the problem is generally to define two sets of transport parameters (as 
carrier density, mobility, resistivity, etc.), one within the space charge pipe, 
the other one in the bulk. If the width of the dislocation space charge is 1, 
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and the remaining bulk is /,, the ratio 


yell, (14.1) 


defines the relative importance of the dislocations or e = (1 + y)~? the relative 
area of bulk material per surface area. Then e.g., the number of free plus 
trapped carriers per unit area is given by: 
n= en, + (1 — ey (14.2) 
where n, = carrier density within dislocation region 
n, = carrier density within bulk region 
(for more detailed parameter-evaluation, see Chapter 9.2). 

It has been found that dislocation networks at the surface of unipolar 
devices result in a strong field dependence of the surface mobility. The in- 
crease in surface mobility with the cross-field applied was first reported by 
Waxman et al.” for vapor-deposited CdS-films when used in MOS-struc- 
tures. To explain the measured strong increase in Hall- and field-effect mobil- 
ities (by as much as a factor of 12) by application of the field voltage, these 
authors assume a mosaic structure with barriers between the different crystal 
regions. The origin of these barriers was supposed to be a variable impurity 
density caused by stoichiometric variations within the film. It is easy to show, 
however, that the necessary barrier height of a few tenth of an eV would re- 
quire doping differences which are unlikely to occur even in vapor deposition 
of II-VI compound semiconductors: The barrier height @ expressed as a 
function of the carrier densities , and n, in adjacent regions is: 

¢ =KkT In(ny/n,). (14.3) 
At room temperature 1 eV ~ 40 kT. Assuming a barrier of 0.1 eV only, we 
would have: 

n|n, = e* ~ 55, 
Such resistivity changes are unlikely. Grain boundary barriers on the other 
hand will have a sufficient barrier height due to the broken bonds as we have 
seen (See Chapter 11.2). 

The number of charges in grain boundary states is: 


ala. = 5 (1 + (1 + eVJ6)"I (144) 
(see Chapter 11.2, Equ. 11.40) 


. = equilibrium number of charge carriers 

q =charge number due to V, 

¥_ = external voltage applied across space charge pipe 
e =electron charge 

@ = barrier height 
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(14.4) allows to express the barrier height @ in terms of the applied voltage V, : 
pee ee 
4 4/44/40 — 1) 


Now the relative number of boundary charges can be represented by a vertical 
field gradient resulting in 


(14.5) 


L=eAV, =kT Ing/q. (14.6) 
Therefore, the barrier height can be represented by: 
$ = eV./[4 exp(eAV ,/kT)exp(eAV ,/kT) — 1] (14.7) 


(14.7) shows that the vertical field has a strong influence on the barrier within 
the surface layer or film depressing the barrier height at small field voltages V, 
and accounting for the mobility increase. The mobility expression derived by 
Waxman et al.” is based on (14.3) with the provision that the surface poten- 
tial is increased by the field plate inducing a change in carrier density: An, 
Therefore: 

$1 = kT In[(my + An/L yng + An/L)] (14.8) 


with L, = width of accumulation layer, 
In the grain boundary case we can replace the carrier densities by the charges 
in surface states g and q, as in (14.6). For a change Ag, we have: 


9, = KT In(q + Ag/d)/(qo + Aq/d)) (14.9) 
where d = width of grain boundary barrier 


and the change in barrier height is: 


Ad =$— 61 =kT In[(1 + Ag/dg,)[(1 + Agidg)] (14.10) 
The change Ag can be expressed by a field voltage: 
V, 0e,/t, = eAq (14.11) 


0 =ratio of induced free charges to trapped charges 
e; = permittivity 
t, = thickness 

e =electron charge 


of the insulator layer 


Introducing the expressions: 
a = Oojfet;d-q 
ae (14.12) 
B= 08,/et;d-q 
Equation (14.10) writes: 


Ag/kY = —In[(l+ «V ,)/(1 + BV 4)] (14.13) 
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The Hall mobility for the granular surface layer can be expressed as: 
Hn = ede) eS ANKT (14.14) 
(see [14.9]) 
where <v> = mean carrier velocity 


N = number of grain boundary barriers 
and following (14.13): 


_ e6v) 1+ BV, 
bu GNKE T+ aV," 


(14.15) 
(See Reference 14.10) 


The case considered by Waxman et al. is based on a difference between 7, 
and n, in the film-domain and leads to a mobility: 


nz 
a ev) Ris aaa Vie 
Hu = GRTN “ny + const V, 

increasing rapidly for small field voltages V , and reaching saturation at about 
half a volt for V. 

The values chosen for 0, the ratio of induced free to trapped charges, was 
varied between 107! and 10°, 

Instead of (14.16), we have in this case (14.12) a mobility: 


(14.16) 


q 
1 + const = V 
ee) Go_* 


"* 4kTN q+ const V, 


which results in a similar increase of yy, for small field voltages V, but for 
ny =m. 

The influence of misfit dislocations on the interfacial mobility has been 
derived in a more general form by G. F. Neumark!! starting with the 
void model mentioned. From the average carrier concentration ii (Equation 
14.2) and the bulk density n, the effective mobility is defined as: 


B= Uy" on,/oh (14.18) 


(14.17) 


@ = average conductivity, 4, = bulk mobility 
o, = bulk conductivity 


and can be developed further by appropriately expressing & and o,. This 
leads to a similar law for the mobility as a function of the carrier density ratio 
n,/ng and with the parameter » (14.1) which corresponds to our parameter g/q, . 

In this more statistical approach to the problem, the conduction along dis- 
location lines is equated to the one perpendicular across the pipes. While this 
may be representative for random dislocations, any preferred orientation of 
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the space charge pipes would, however, lead to a clear anisotropy of con- 
duction such that carrier mobility values would be higher parallel to the pipes. 

In MOS devices we find less of an influence in terms of catastrophic failures 
as is known from bipolar devices; however, the critical device parameters may 
change from device to device and from batch to batch so that no reproducibi- 
lity or yield within reasonable cost limits can be achieved. 

Here we have the outstanding problem caused by defect crystals. Although 
interesting device properties can be found on a laboratory scale, no reliable 
production can be based on material which is defect to a degree that interferes 
with the device yield expected. That this consideration is of great importance 
in the evaluation of new materials and materials combinations has been found 
in many cases in the past. Especially devices produced from heteroepitaxial 
material of low crystallographic perfection generally have to be considered 
production hazards (see Section 14.4). 

We also want to mention the case of ion implantation. It is a preferred 
method in modern device technology, especially in the construction of MOS 
devices. Here the source and drain regions are produced by ion implantation 
while the gate metal serves as mask,'? and thus optimum alignment is achieved 
and parasitic gate capacities can be minimized. 

As elegant as this method is—it can be combined with vacuum evaporation 
of contacts and sputtering—as certain is a destructive influence on the crystal, 
especially when deeper penetration has to be achieved. The case of a shallow 
p* layer in the case of an MOS-FET structure is especially suited; however, 
the junction interfaces of ion implanted junctions always have a high dis- 
location density. In fact, earlier studies showed that ion implantation has to be 
followed by a diffusion step in order to carry the doping layer beyond the final 
damage point into the undamaged crystal material or to subject the crystal to 
strong annealing!® in order to achieve a flat p-n junction. 

The damage to the crystal is a function of the energy of the ions on implant- 
ation. Therefore, deep implantation, as needed in bipolar devices, has proved 
impracticable. To some extent, the relatively open lattice of the major semi- 
conductors in certain crystallographic directions can be used to “channel” 
the ions deeper into the material.'* In a junction formation, one wants, 
however, to produce a flat front of impurities, which is a problem when 
channeling is used. Especially energetic ions, used to form a doped layer, 
for example, 2 deep, have damaging effects in the crystal! because of the 
spiking phenomenon, that is, the final path is marked by a thermal spike 
where the energy of the moving particle or ion is converted into heat and 
attendant damage to the lattice.’° 

In modern device technology, the heterojunction plays an important role. 
Since Kroemer’s original proposition'’, many applications have been made 
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of the interface-field either to enhance injection of carriers or to confine in- 
jected carriers or both. (Sce Figure 14.4a.) 

The injection gain due to a wide-to-low gap transition is considerable, 
Kroemer has shown that the injection efficiency y in this case increases ex- 
ponentially with the band gap difference for injection from high-to-low gap. 
In terms of the hole and electron current densities, j, and j, at the junction: 


or the injection deficiency 


is simply 
Dist (14.19) 
Ip 
Using the well-known relations for the junction current 


‘ qv 
Jina = Jus (ex 22 — 1) 


Jsat = Saturation current 
q = electron charge 
V = voltage applied 
kT = Boltzmann factor 


one shows easily’? that 


np N, (m* m*t\3/2 
tn _ Pre Lye No (te) exp( —AE/kT)* (14,20) 
Ua Mow: 

Prey Dye = diffusion constants for electrons in the emitter and holes in the 
base 

Lines Lye = corresponding diffusion lengths 

Np, Pe = net donor density in base (A-side in Figure 14.4) and net accep- 

tor density in emitter (P-side in Figure 14.4), 

Mie Mpe\ _ effective masses of electrons of electrons (n) and holes (p) in 

m,m*,] ~ emitter (e) and base (b) 

AE = E, — E, = energy band difference. 


* The electron and hole current densities at the junction (Equation 14.3) are given explicitly 


by: 
— GPne Noe GF 
ja Oe (e ae ') 
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D, v 
jpn Pere (fm!) 
" 


Here oe, Po» = equilibrium minority carrier densities in emitter (electrons) and base (holes). 
Therefore with (14,19) 


Dae Ly Lop Now 


D, 
"Dus Lne Pos 


Now the equilibrium minority carrier densities can be expressed by the intrinsic carrier 
densities m;¢ and my in emitter and base: 


On the other hand the intrinsic carrier densities are given by the state density equations: 
nie = {Ne Ny expl — (Ee ~ E,)/kT]} emitter 
hy = {No Nv exp — (Ee — Ex {kTY} base 


According to the usual Fermi statistics, the effective state densities are: 


(2am KT) 32 a ry? 
N= 2( RAT) = 2.5 +10! = ‘(Gz 


suite ‘Ams, kT\ 3/2 2 / P\ 312 
Py) ltt 1 (mike) *° (T 
Ne 2( wh 4) 2.510 ean ( 

2nmty KT)??? 19 (tbe???) 3? 
Ne = 2( 7 ) = 2,5 +10 eal (7) 

Bee 2nme, kT\ 2/2 to (iba) 2? (7) 972 
Nw 2( 7 *) =2.5 +10 (2) (7) 


A= Planck’s constant 
T. = 300°K 


With these values, the intrinsic carrier densities are: 
Nhe = (the mipe)®? exp — (Eco — Eve)/kT] 
Nip = (nity mfy)®? exp — Een — Ew kT] 


To evaluate D,, we need an expression for the ratio n},/n?y: 


ri __ (ite me) *” 
ae (ae) ©RD( — Eee + oe + Eas — Ew IKT} 


and since: (See Figure 14.4a) 
Eee — Ecy = SE; Eve — Em = 05 
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we have 


32 
) exp( — AE/kT) 


or for D;, Equation (14,20) 
qed, 


In (14.20) the factor characterizing the heterojunction is: 


F= (Peme) e ( — AE/T) (14,21) 
~Nnnis mgs) OP ; 


Assuming equal effective masses of electrons in the emitter and base and 
holes in emitter and base, the main influence on the injection deficiency is 
given by the factor 


exp( — AE/kT) 
which for only AE = 0.2 eV and for kT = 0.025 eV at room temperature yields. 
exp( — AE/kT) = 3.3 - 107+ 


or a correspondingly increased injection efficiency ». 

The assumption of equal effective masses on either junction side cannot be 
assumed for very different semiconductors and strong doping differences 
(m* increases e.g. in GaAs for a factor between 2 and 3 in the range 10'* to 
10'° cm~* doping!®). The most significant cases are, however, combinations 
like: 


GaAs — Ga, Al, As 
(with x ~ 0.3). 


used in light emitting structures. Here the injection efficiency and the carrier 
confinement due to the interface barriers (see!) have given great importance 
to the heterojunction. A close lattice match is of great importance because the 
junction interface has to be as perfect as possible to eliminate low threshold 
spots and nonradiative recombination centers. Interface dislocations will 
change the band structure as shown in Figure 14.4b (see also?°), Here the 
the recombination flux Fp through the interface is an unwanted feature de- 
creasing the injection efficiency. 

Progress in this field has been made however especially when implantation 
is used for lower doping densities with subsequent annealing and diffusion.?! 


(a) 


* Gap in eV at V,,, Vp = Barrler voltage for 
emitter side J ictrons, holes 
Gap in eV at 4 = Dislocation levels 


base Fp = Recombination flux 
Ep = Fermi level 


@ = Barrier height 
due to A 


Fig. 14.4 (a) Band Structure of heterojunction: £; > £, assuming no interface dislocations 
and no doping differences () Band structure of heterojunction: E, > £, but with interface 
dislocations (no doping difference) Fx = recombination flux through interface states. 


il. 
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14.2 DISLOCATIONS AND SEMICONDUCTOR LASER DEGRADATION 


The noncatastrophic degradation of semiconductor lasers is an impor- 
tant cause for limitation of their application at a larger scale. It is known 
that the degree of degradation is coupled with the degree of lasing inhomo- 
geneities. This means that a laser diode showing strong localization of light 
output just below threshold burns out gradually at a lower current density 
than diodes with a more regular, that is, distributed, light output over the full 
extension of their junction. 

There is no doubt that light output at localized points below the threshold 
is associated with interband levels mainly caused by dislocations.!*? As 
described, a dislocation consists of a core or dangling-bond array and a space 
charge surrounding it. Such a structure is rather complex in its behavior in 
electric fields in that more electrons can be associated with the free bonds as 
the field across the space-charge cylinder increases. This is the case when the 
dislocation is running parallel to the laser junction. This orientation is 
prevalent when, for example, liquid epitaxy is applied and a lattice mismatch 
arises because of the dopant in the grown-on part of the junction during liquid 
homoepitaxy. If one assumes a lattice mismatch 5 = do — ay, dg = lattice 
constant of host crystal, a, = lattice constant of, for example, n-type doped 
layer, then the distance between the dislocations generated is 
dia 520, 

é 
where S is the geometric relation between the (uvw) direction for the lattice 
translation, resulting in 5, and the < 100) direction. Assuming a <100) direction 
of the epitaxial plane or S = 1, the number of dislocations generated is then 


(14.22) 


N,p[em~ 


2 6? 
= (3) =a 10, (14.23) 


where 6 and ao are in A. 
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For a lattice mismatch of, for example, only 6 = 10~? A, one has then a 
dislocation density 
10!2 
Ny[em=?] ~ =: (14.24) 
0 
If we choose a normal lattice constant, 5 A, we get 
Np = 1.6 - 10° cem~?. 


This result shows that even very small differences in lattice spacing cause a 
considerable density of dislocations. Equations (14.22) to (14.24) have been 
shown to be correct by measurements of Gatos et al. (see Section 14.4). 

Outgrowing layers in epitaxial growth have a tendency to improve in per- 
fection, but the actual interface remains generally disordered.? The preferred 
light output from certain spots has been shown to coincide with dislocations. 
a and f dislocations can have different effects on the emitter power; for 
example, « dislocations, vertically arranged with respect to the junction field, 
have stronger light output than those parallel to the junction, and it is the 
opposite with f dislocations.* There is certainly an influence on the junction 
width and quality because of dislocation-induced diffusion-profile changes; 
however, the systematic finding of preferential light output at dislocation 
pipes points to the influence of the interband levels. It is well known that the 
recombination radiation efficiency for small injection current is much higher in 
dislocation-rich material.* 

It is in all probability not the dislocation-induced diffusion profile that 
causes the low threshold output at localized spots, rather the diffusion- 
induced dislocations are introducing high field regions and mid-band recom- 
bination levels. 

Measurements on laser spots in diode structures and their correlation 
within microscope pictures, transmission electron microscopy, and electron- 
probe microanalysis have shown that these spots correspond to the regular 
pattern of dislocation arrays aligned within the junction plane.® 

Localized microplasma breakdown regions form when the local threshold 
field value is exceeded, because the space-charge tube is highly conducting 
and carriers entering the space-charge tube of a dislocation are easily moving 
within the space-charge pipe and recombine within the dislocation space 
charge. 

Precipitates and striations as well as surface damage can have similar 
effects but do not basically lower the laser threshold.” 

Although «, dislocations enhance the light output for laser emission vertical 
to the surface, x) dislocations are not efficient in this direction, but only ina 
plane vertical to the junction. The case of fy dislocations is different inasmuch 
as here another electronic model applies. The core charge is positive in this 
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case, and the donor character of the f dislocation is less effective in the n-type 
material. 

Although the known degradation discussions* center on the effects of 
junction delineation and surface problems, there is an additional basic relation 
between low-threshold recombination spots and dislocations with strong 
mid-band recombination efficiency. 

Since the number of dislocations in the junction area can be controlled by 
the lattice misfit in epitaxy, one can study the influence of the dislocation 
density on the degradation. Furthermore, one can study the influence of the 
dislocation direction. 

In diffused junctions it may be difficult to separate the effect of diffusion- 
induced dislocations from the natural doping inhomogeneities. But it should 
be possible to assess the relative effect of either cause. Finally, GaAs bicrystals 
could be grown with « and f grain boundaries in order to study the effect of a 
complete planar arrangement of one kind of dislocation on degradation. 

A number of interesting research projects can be grouped around these 
problems: 


1. Grow p-n homo-junctions in liquid epitaxy with light doping in order 
to keep Np at low values. Measure threshold and light distribution. 

2. Change gradually doping and orientation of substrate in order to study 
dislocation and orientation influence. 

3. Bend GaAs samples in order to confirm influence of dislocations inde- 
pendent of doping changes. 

4. Assess quantum efficiency as a function of Np for fixed current levels. 

5. Produce junctions with regular distribution of dislocations over entire 
cross section by bicrystal growth in order to confirm the regular light output, 
in this case at low threshold. 


The probable outcome of this study is that there are two cases of high 
efficiency: 


1. No dislocations within p-n layer. 

2. Regularly distributed arrays of dislocations over entire junction, lowering 
the threshold but causing a regularly distributed light output at low current 
densities (lowering of threshold) due to the pipe field. 
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14.3, DISLOCATIONS IN BULK DEVICES 


Photoconductors and stress-strain transducers are examples of bulk devices 
that are less sensitive to crystal perfection in the detailed sense described so 
far. Obviously gross inhomogeneities interfere with device properties and 
limit reproducibility and yield of a specific performance, but since no detailed 
carrier-transport mechanism is required, we can use monocrystals of reason- 
able perfection and doping regularity. Light impinges on the whole sample 
surface, and carrier generation changes the resistance that is automatically 
integrated from one contact to another. In stress-strain transducers, the 
orientation is of importance; but also here the effect measured is an integral 
of the individual lattice deformation potentials, and no major changes are 
derived, for example, from dislocations present in a moderate density, say, 
up to 10° cm~?, 

A case of importance, however, is the materials property in semiconductor 
plasma devices where negative differential mobility by intervalley electron 
transfer is exploited. These devices, called briefly Gunn devices, are very 
sensitive to crystalline defects, impurity gradients, and defects at the metal- 
semiconductor interfaces. Kroemer was apparently the first to point out 
clearly the actual effect of doping inhomogeneities and the initial formation of 
multiple space-charge layers.' Kroemer has discussed the influence of four 
main non uniformities that can cause a breakup of a single high-field domain 
of the pure accumulation mode: 


1. Noise fluctuations 


2. Macroscopic resistivity gradients with a higher resistivity near the source 
electrode 
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3. Local field concentrations at the source-electrode interface due to inter- 
face irregularities 

4, Microscopic spatial fluctuations of the donor distribution. These are 
thought to be the most fundamental reason for high-field domain breakup. 


The model used in the computer program in order to calculate electron 
energy versus x (sample length), the total electron number versus x, and the 
current waveshape (/ versus time) is based on the set of equations: 


(a) b= 7 <1 Mobility ratio for populations m, and n, (14.25) 
1 


(b) ee n(£) Electron density ratio as a function of the 
ma F __ local field 


field ratio E = rie mt reranioe held (14.26) 


KOs al 


aa (14.27) 


© fps attsa( mak - 


Double equation for drift and diffusion current for the two carriers, 
with mobility y, and 2; 0, and @, electron temperatures) 


(d) 2 =r(E) Represented as a power (14.28) 
1 
law: 2 = Bt 
my 
on _ di: , G2 sett 2 
() i AL a + Z) Continuity equation (14.29) 


Ji; j2 = current densities for populations n, ; nz 


es OF _ any PASO Poisson’s equation, where 
— 1 2 Ma, 


6x ng = donor density (14-20) 


This set of conditions gives reasonable results for the electronic energy versus 
x and the current waveshapes. If now doping density fluctuations of 19 per 
cent are assumed, these relations are altered very strongly. Kroemer empha- 
sizes that 10 per cent is a normally expected fluctuation, since, for example, in 
a doping range of 10'* cm~* a reference cell of (11) contains 100 donors 
and the mean square deviation between adjacent cells is \/100 = 10 per cent 
of the average. Introducing, therefore, a cell subdivision of the crystal under 
consideration so that each group, say, 200 cells of 0.5 m thickness, has a 
donor density of 


nai =n@0.9 + 0.002r;) (i= 1,..., 200), 
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where r; are random two-digit decimal integers read from a table of random 
numbers, leads to results similar to those based on the equation set (a) to (f) 
for constant donor density across the sample. 

However, in plotting the initial formation of the space-charge layer, it is 
found that multiple layers form and that the current waveshape for random- 
ized doping is quite different from the case of equal doping (see Figure 14.5). 

As a result of randomized doping, the field near the source electrode may 
never get up to the critical field, and the current versus time shows a disturbed 
waveshape of reduced amplitude, loosing even its periodicity to a large degree. 
The influence of trapping centers on space-charge ‘waves was discussed by 
Ridley,” who showed that trapping can drastically reduce the velocity of space- 
charge waves. Ridley’s model assumes interaction between a lower and a 
higher valley (in energy scale) and an impurity center. If the capture rate from 
the upper valley greatly exceeds that from the lower valley, the negative 
differential conductivity on account of a mobility ratio for the two valleys is 
enhanced. 

If the capture rate from the upper valley is much less than that from the 
lower valley, this could result in a destructive influence on the formation of 
the Gunn effect if the growth rate of these instabilities does not exceed the 
trapping rate. 


—> Current 
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Fig. 14.5 Current wave-shape for pure accumulation 
mode: (a) for constant doping; (b) for randomized doping, 
after Kroemer', 
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Ridley explains the observed presence of slow domains in GaAs of high 
resistivity on account of this model. 

In connection with the suppression of the space-charge waves to couple the 
carriers directly in the negative conductance mode to the microwave circuit 
(limited space-charge accumulation = LSA mode), Copeland suggested that 
doping uniformity is very important because it introduces space-charge 
fluctuations.* In an analysis similar to Kroemer’s' Copeland calculates the 
efficiency as a function of relative doping fluctuation. A fluctuation of 10 per 
cent may already account for a lowering of the efficiency of the device from a 
theoretical 18 per cent to less than 10 per cent. 

An approximate numerical field variation for doping variations is 


AE, = 6 X 10*Vjem(“2), (14.31) 
fio 
so that for An,)2/7ig = 0.1 a field variation of 6000 V/cm results, which is 
sufficient to distort the electrical field within the Gunn diode seriously. 

Copeland’s values of doping variations for the usual efficiencies (below 5 
per cent) suggest, however, that doping variations of 80 per cent and more are 
present in usual cases. This is unlikely, and it must be assumed that the contact 
(metal semiconductor) and here especially the cathode interface are respon- 
sible for a large part of the anomalies and the lower efficiencies. This was 
shown more recently by Kroemer.* 

In this paper, Kroemer assumes that the important depletion mode 
measured by Gunn et al., which appears as a stationary high field domain 
(cathode fall) ahead of the cathode is due to a local excess of acceptors. Such 
a “faulty” cathode can also cause a shift between high field region and the 
medium of negative mobility. 

Kroemer superimposes the characteristics (current versus field) of the 
control section ¢ and the main section /. The control section is assumed not to 
exhibit a negative mobility and a higher low field resistivity than the bulk 
semiconductor. In analyzing this model, it seems that the decisive effect is not 
so much an increase in the local resistivity but the fixed negative charge there 
and a quasi abrupt discontinuity: 


AF = g ; (14.32) 
where Q is the amount of the negative fixed charge per unit area (¢ = dielectric 
constant). As long as the field adjacent to the control section toward the anode 
is below AF, the cathode field opposes the electron flow. For increased field 
strength, the drift current dominates the overall sample current. The crossover 
point between the control characteristic and the main characteristic (see 
Figure 14.6) defines the degree of deviation from the ideal Gunn sample. The 
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Fig. 14.6 Crystal with resistivity layer at cathode-side and character- 
istic of control and main section (F, = crossover field)*. 


higher the crossover field F,, the more Pronounced the deviation from the 
normal Gunn effect. 

In calculating detailed examples, Kroemer finds the even very weak built-in 
depletion layers at the cathode plane lead to a behavior entirely different from 
the one with a built-in weak accumulation layer at the cathode, Computerized 
curves for the electron density, field distribution, and potential across the 
sample show that such a model can well explain the “ pathological” cases 
observed where much higher fields are needed in order to start oscillation or 
where oscillation is not obtained at all. For instance, for an assumed acceptor 
density in the control section of 10! cm~? and an impurity density 

woo {) = 2-105 cm~ forx <0 
N= 10" cm™3 for x >0 
and 


/ = length of main sample section 
c = cathode layer thickness 
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(see Figure 14.6) the built-in field difference AF is 
F = 14.4 kV/cm, 


or four times the threshold field of 3.4 kV/cm for the case considered. 

Kroemer mentions that such control layers at the contacts can originate 
from thin striations in the epitaxial growth, out-diffusion of acceptors from 
an epitaxial layer, or from an alloy contact where these acceptors were hidden 
under a high donor density. “Alternately the charge may be thought of as 
electrons trapped in interface states at small angle grain boundaries or at 
lattice misfit dislocations ahead of an alloy regrown region”. 

Here is the acual problem. It is known that metallization at a semiconductor 
surface results in a strained region and a consequent higher dislocation density 
at the contact interface. This is especially the case when thermal treatment is 
involved in producing contacts. The difference in the coefficients of expansion 
results in a high number of interface dislocations usually of the order of 10% 
cm~?. It depends to some extent on the orientation of the GaAs sample if 
« or B dislocations predominate (see Chaper 3). In any case, either a depletion 
or an accumulation layer at the cathode contact strongly interferes with the 
Gunn mode and greatly increases the threshold field. 

Recently, G. L. Pearson and coworkers’ investigated the oscillator efficiency 
in connection with the contact problem. They indicate again the well-known 
fact that ohmic contacts for a wider range of current densities are formed when 
the metal layer is applied to a heavily doped n* layer on the active semicon- 
ductor layer. But here also the danger exists that the differently doped layer 
has a different lattice spacing and that interface dislocations form, leading to 
another higher resistance layer (see Section 14.4). 

These authors found that evaporated Au—Ge—Ni layers, alloyed directly 
to the n-type GaAs layers, are best for fabricating reliable Gunn oscillators, 
producing more than 100 mW of cw-microwave power at 25 GHz. 

A distinct difference with respect to contacts was found between boat-grown 
and solution-grown crystals. No intrinsic layers form at the contacts on boat- 
grown GaAs. The explanation given for this behavior is that boat-grown 
material contains deep donor levels that compensate for the acceptors origin- 
ating at the interface because of lattice mismatch. 

We see from all this that material with a high amount of dislocations, which 
represent microscopic doping changes because of their extended space charge, 
is poor or unusable for bulk devices of the Gunn variety for microwave 
generation. In particular, material with a layer arrangement of dislocations 
as it appears in alloy, diffusion, and especially heteroepitaxial processes cannot 
be used for devices operating with reasonable efficiency on the principle of 
negative differential mobility. Homoepitaxy, however, yields the best layer 
structure (see Section 14.4). 
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14.4 DISLOCATION GENERATION IN HOMOEPITAXY AND HETERO- 
EPITAXY 


Considering the importance of homoepitaxy, it is appropriate in this context 
to make a thorough evaluation of the perfection of such layer structures. 

Ina sense, heteroepitaxy is but a limiting case of homoepitaxy. Isomorphous 
conditions are not sufficient guarantee of high perfection in homoepitaxy when, 
for example, strong doping differences prevail. The influence of the doping on 
lattice spacing and expansion coefficient can be so strong that interface dis- 
locations are generated in analogy to the nonisomorphous case. However, 
within the normal ranges of doping differences, the lattice constant varies only 
in the 107? to 1073 per cent range, and the relatively low dislocation density 
originating at the interface (~10* to 10° cm=?) can be grown out during the 
building up of subsequent layers. It is well known that the perfection of epi- 
taxial layers can be better than that of the substrate. Modern ILI-V compound 
semiconductors are available in highest perfection (highest mobility and 
lowest dislocation values) only in the form of homoepitaxial layers. 

As the difference between the substrate and the grown surface layer in- 
creases, the conditions for high perfection are less favorable. In the production 
of GaAs,P,_, layers on GaAs substrates, for example, it is important to 
grow sufficiently thick layers to achieve perfection especially for smaller 
values of x. 

One may also introduce a grading from high to low x values as the layer 
grows out from the substrate in order to minimize the difference between the 
two lattice constants at the interface. This can be achieved in liquid-solid vapor 
growth by a gradual increase of the vapor pressure of the phosphorous. 
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In heteroepitaxial cases, the original lattice mismatch is quite large, and 
growth conditions are very involved, especially when no melt-back is feasible 
for instance in vapor deposition and therefore one starts with a contaminated 
surface layer. Without melt-back even pure homoepitaxy shows poor results. 
For this reason, liquid epitaxy is the preferred method in homoepitaxy. We 
emphasize, in the following the case of heteroepitaxy by vapor deposition 
starting from the case of homoepitaxy, with appreciable lattice difference and 
discuss the various causes of dislocation generation. 

Finally, a number of schemes and technical solutions are reviewed that are 
of interest in this context. 

It is a fact that despite many difficulties, a solution to the problem of non- 
isomorphous growth is desirable, since this would finally enable one to vapor- 
deposit different device-grade semiconductor layers together on one insulator 
substrate. 

This achievement would solve a major problem in monolithic microcircuitry. 
In complex circuits for very high frequencies, GaAs and silicon have to be used 
along with other semiconductors such as germanium in order to optimize 
device properties. Also all passive circuit components could be deposited on 
the insulator substrate, and stripline circuits could be positioned on the same 
surface. 


Nucleation Catalysis in thin film deposition 

That single crystals, that is, oriented large films with distinct Laue pattern, 
can be grown in heteroepitaxy or, in other words, that oriented growth of 
crystals can be realized between nonisomorphous materials, when only a 
relatively “close” lattice match prevails, is the consequence of the formation 
of liquid nuclei at matching points in oriented form and their merger into 


larger oriented areas. This can be seen from the classical treatment of hetero- 
gencous nucleation using the drop model (sce Figure 14.7). 


Gen — Oct 
cos 9 = 
oe 


‘= interfacial energy per area, catalyst/liquid 


Ge» = interfacial energy per area, catalyst/vapor 
ox, = interfacial energy per area, liquid/vapor 


interfacial energy per area, catalyst/liquid 
interfacial energy per area, catalyst/solid 


A comparison between the Becker-Déring* frequency of nuclei formation 
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Fig. 14.7 Contact angle for drop model on catalyst in the case: 
(a) vapor-liquid; (6) liquid-solid. 


J in supersaturated vapor and the catalytic case of nucleation (/.) shows that 
the presence of the catalyst increases this frequency (see Table 14.1). 

The classical treatment of heterogeneous nucleation by Volmer? is still 
the basis for more sophisticated treatments. The drop model, as outlined in 
Figures 14.7 and Table 14.1 has also been used by Turnbull and Fisher? to 
describe heterogeneous nucleation of crystals from supercooled liquids. 

As we sce from Table 14.1, @ is differently defined here, but the frequency of 
formation has the same analytical form as in homogeneous nucleation. The 
formulas have been confirmed by measurements on stearate-coated mercury 
droplets, on oxide-coated mercury droplets and on oxide-coated tin droplets. 
Although the drop model is also applicable to the possibility of oriented 
overgrowth under nonisomorphous conditions, there is generally an orien- 
tation relation. Planes and directions in the two crystals in which the atomic 
arrangement is most similar are parallel. Defining 6 as the disregistry on a 
low-index plane: 


Aa 
aq 


$= |="), (14.33) 


with Aa = a — dy (ap = substrate lattice constant, a = film lattice constant), 
it was generally assumed that oriented overgrowth occurs only for ** * 


6 =0.1 + 0.2. 


In some cases, oriented overgrowth was found for values of 6 as large as 
0.5.° That such strong misfit still leads to a generally oriented overgrowth is 
considered to be the consequence of a possible strain of the nuclei. The lattice 
parameter of a nucleus assumes a value necessary to minimize the free energy 
of the system. If the strain ¢ is assumed smaller than 6, it can be written 


—|, (14.34) 
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where ay and x are the lattice parameters of the nucleus in the strain-free and 
strained conditions, respectively. Thus the actual disregistry between a nucleus 
and the catalyst is 


b-e. (14.35) 


There are some heuristic assumptions about the limits of this disregistry for 
good crystal growth. Van der Merwe’ and Brooks® have directly associated 
the formation of dislocations with the actual disregistry: 
Afem~?] ~ 5 —«. (14.36) 
The dislocation density A represents an amount of energy that has to be added 
to the interfacial energy: 
Ose = 7 + a(5 — €) (a = constant), (14.37) 


where y is the interaction term due to bond type, chemistry, and the like, and 
(6 — e) is the structural term that is directly proportional to the dislocation 
density A. 

A resulting dislocation pattern (see Figure 14.8) takes care of the lattice 
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Fig. 14.8 Cross section | [100}-plane of two misfitting simple cubic 
lattices. 
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misfit, and the film is still a single or monocrystal in the sense of a Laue back- 
reflection pattern. In fact, the dislocation formation maintains monocrystal- 
linity in the presence of disruptive forces between the two lattices during 
growth, 

To assess the materials quality above monocrystallinity, it is necessary to 
know how many dislocations per square centimeter are counted. Material for 
use in microcircuits generally has a dislocation density 


Alcem~?] < 108 
and in best cases 
Afem~?] = 0. 


It is, therefore, of interest to know the exact number of dislocations for 
films grown by epitaxy. There are many reasons for the formation of dislo- 
cations, but we assess here first the one reason: lattice mismatch. 

Recently, the MIT group under H. Gatos? carried through careful measure- 
ments in order to assess the dislocation density of different lattice matchings. 
Using a melt-back process that yields perfect crystals in homocpitaxy, the 
authors measured the dislocation spacing as a function of varied lattice mis- 
match due to variable percentage increase of the alternate component in the 
A, Bs system: Ga, In,..,Sb. With x = 1 (no indium), a complete match with 
the substrate (GaSb) in the melt-back process was achieved (no dislocations), 
and with small percentage additions of In, a variable lattice mismatch was 
obtained. 

For the case of a [211] surface with the melt interface parallel to [110], 
Gatos et al. used a dislocation distance expression: 


(14.38) 


where dy = lattice constant, 
6 = increment of lattice constant change, 
8 = Gy, sngny — F0ccasn) = 6-485-6.095 = 0.390 A 


or 
ay — 4 
8 lao = ol 


do 


= 6.4 per cent. 


my 1 i ri 
* Actually: d= Al a V2asj/8. The factor of ~ 5, however, is compensated for in the 


measurements because the dislocation count was carried out in the [111] direction and the 
crystal was grown in the [211] direction. 
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The only assumption in (14.18) is that the dislocation spacing is proportion- 
al to the lattice translation vector Qo times the ratio n = a/5. The nucleus 
strain ¢ is considered zero. For convenience, we express the dislocation density 
A(cm~?) here as 


age TOP ¥ 
Atem™*) => (din w) (14,39) 
or with (14.38) 
ce 
Sr a 10° (Sin A) (14.40) 
cy) 
= 3.9 + 10!75? 


In a double logarithmic scale, this gives the relation plotted in Figure 14.9, 
We see that for lattice misfits of the orc ¢ of only 107! percent of ag, 
dislocation densities of the order of 108 result. 

The densities, measured by Gatos’ group, are shown, They correspond to 
small amounts of indium added or small InSb percentages (0.25 to 1.4 per 
cent), and their position is in good agreement with the derived relationship 
between dislocation density and misfit 5. The abscissa is in per cent ay, where 
4p is the lattice constant for the substrate GaSb. 

In the best cases of heteroepitaxy, one may achieve 107! to 1072 per cent, 
and nonregistry then contributes between 108 and 10° dislocations cm~?, 
For instance in the case of silicon on chrysoberyl: 


as, = 5.43A, 

441,800, = 5.47A, 

5 = 0.73 per cent, 
Afem™?] > 10? cm~?, 


It should be stated that, in careful crystal growth, the dislocation density 
may decrease as one moves out from the heterointerface. Gatos et al. point out 
that the addition of indium also changes the thermal-expansion coefficient of 
the crystal with regard to the substrate, which is probably the reason for the 
somewhat higher count, compared with the theoretical curve (see Figure 14.9). 

In summary, a lattice mismatch of 107! per cent (Gao.996 INo,994 Sb on 
GaSb) originally gives rise to 10° dislocations cm~2, 

We note that in epitaxial growth of compound crystals of similar structure 
(like Ga, In,_,Sb on GaSb), the dislocation density is high at the interface. 
But here we have the means to improve perfection by a graded decrease in x 
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Fig. 14.9 A cm=? (dislocation density) as f (misfit in 
% of lattice constant). 


as we grow the layer. In systems with small interfacial misfit, for example, 
5 ~ 107? per cent, a minimum thickness of the order of 2 to 3 mw is needed in 
order to form misfit dislocations while the interface portion of the film is 
under some stress.'° 


Perfection Limits in Heterogencous Growth 


As we have concluded from the drop model for nucleation catalysis, a wide 
range of lattice mismatch can be accommodated without losing monocrystal- 
linity, but we have already noted the existence of a high density of misfit 
dislocations at the substrate interface. 
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There are unfortunately other reasons why such heteroepitaxial layers have 
a high degree of imperfection: 


1, Nuclei misalignment 
2. Difference in expansion coefficient 
3. Chemical changes 


Nuclei Misalignment. 


We now discuss the effect of the high mobility of the nuclei at deposition. 
The drop model mentioned earlier, under nucleation catalysis, is doubtful 
when small nuclei of only a few atoms are considered. In this case, ¢ in (14.16) 
can certainly be disregarded,'* but new questions arise because of the non- 
applicability of the concept of surface energy as used in the treatments of 
Volmer and Becker-Déring. Walton’? has considered the case of small nuclei 
(a few instead of 100 atoms, for example) and finds that in this case a critical 
nucleus is no longer defined by the equal probability of growing larger or 
smaller but that a critical nucleus here is that cluster whose probability of 
growing is >} if one single atom is added in the appropriate position. 

The arguments about the form of the nuclei and their influence on the 
perfection of the film go in different directions, depending on the most recent 
study of their form. In situ observation under the electron microscope is 
carried through with a continuously better resolution, and nuclei orientation 
and movement are studied. Recently, H. Reiss'> has analyzed the behavior of 
nuclei, starting from a simple but valid model of a nucleus on a substrate 
(see Figure 14.10). Without assuming lattice mismatch, a rotational misfit 0 is 
introduced, and finally translational misfit is also considered; and it is shown 
that the nucleus (for example, 25 atoms) in disregistry has a potential V(0) 
given by 

V(0) = 4V,N?[1 — sin?(0/0?)], (14.41) 
where V, + amplitude of periodic potential function due to substrate, 
N + integer in (2N + 1)? = number of clustered atoms ~ n, (nucleus 
size) 
0 + angle of rotation between island and substrate, 


which has the form of the Fraunhofer diffraction pattern from a square aper- 
ture. For increasing number of atoms (N > 00), the part of rotational energy 
surface is smoothened ; that is, the maxima and minima become more shallow, 
especially for increased angle @ (see Figure 14.11). The rotational jump dis- 
tance in terms of 0 is shown to be ~ 1/2, meaning that for growing islands 
the jump distance becomes smaller. Since it is certain that for lattice mismatch 
in the percent ay range nuclei of larger size have to grow from nuclei in the cor- 
rect lattice position at the expense of the “ wrong” nuclei, there isa good reason 
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Fig. 14.10 Square island of lattice pa- 
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to assume that the case of N = | or 2 (only a few maxima or minima of the 
potential function, no smoothing) is irrelevant. H. Reiss shows, furthermore, 
that large enough islands under misfit orientations (0 4 0) not only rotate 
easily but also translate easily. In effect, the translational activation energy 
seems of the same order of magnitude as for a single atom. These two facts 
agree well with in situ observations of G. A. Bassett on nuclei.?* Considering 
further the growth of nuclei and the possibility of their alignment on coales- 
cence, Reiss finds that the maximum nuclei concentration is of the order of 
107 cm™?, Since there are ~ 10! surface sites available per cm?, this repre- 
sents an atom fraction of 10~*, low enough to prevent further nucleation. 

In considering the rotational diffusion problem for nuclei, one may first 
derive the amount of inertia of the growing nuclei and the force constant due 
to the substrate force field and then form an expression for the jumping 
frequency and its amplitude. Reiss derives that the amplitude of the oscilla- 
tions is given by: 


Ap=—:@ (14.42) 
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Fig. 14.11 Portion of rotational energy surface for an island con- 
taining 2601 atoms, with N = 25 as a function of misorientation 0. 
(After Reiss, [Reference 13].) 


within the bounds of (14.41), thus inversely proportional to @?, For the inner 
potential valleys, the force constant is 


n 
@ 


that is, dependent on the size n of the island. As amplitude and force decrease 
strongly with increasing 0, the jumping frequency increases. Islands of n ~ 600 
or about 100 A in diameter have a typical jump frequency of y = 1 sec}, 
corresponding to Bassett’s observations. 


G0) =V, (14.43) 
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The assumption of a local equilibrium then allows computing an upper 
limit to the rate of realignment of islands as they fall into the central depres- 
sion of the substrate potential. As the nuclei grow (n— co), they develop a 
tendency to get “stuck” in their misaligned positions. An estimation of the 
resultant dislocation density for an island density of 10!° to 10'' cm~? gives 
an equal number. 

Afcm™?] ~ 10%, 


Although Reiss’ model gives an excellent insight into the actual mechanism of 
growth, some assumptions are still debatable. For example, the lattice para- 
meter of the islands has been assumed equal to the substrate, and therefore the 
homepitaxial case must appear as a limit where no other minimum than the 
central depression is decisive. In fact, the heteroepitaxial case would apparently 
result in a preferential orientation in side minima because of the different 
lattice configurations. Since only small nuclei tend to settle in a correct 
orientation, Reiss proposes a pulsed deposition, in which initially a fast 
delivery of vapor covers the substrate with a layer of small nuclei of higher 
temperature upon which a slow delivery or slow growth follows. This method, 
incidentally, had been applied with some success already by several workers 
in the field. Another problem is the actual magnitude of 8. Values of several 
degrees (3°, for example) are indicated (Bassett), but even smaller misfit angles 
in the range <1° are sufficient to create lineage boundaries between the 
coalescing nuclei with a resulting dislocation density of the order of 


tp Sater -2, (14.44) 


al aad 


which for 0/2 ~.1° leads to A = 101° cm™*, 


Difference in Expansion Coefficient. 


The second cause for imperfections results from the cooling process. There 
are several steps during deposition: 


1, High-mobility prenucleation phase 

2. Decreased-mobility nucleation phase 

3. Nuclei merger and viscous-liquid growth range 

4, Elastic-plastic solid range 

5. Solid range 

Step 1 is essentially the atomic impact stage, with an equilibrium of cohesive 
forces between depositing atoms and adhesive forces between depositing atoms 
and the surface. 

Step 2 is defined by the clustering of atoms from the vapor phase and 
formation of nuclei for which cohesive forces are larger than adhesive forces. 

As Step 3 is reached, differences in lattice constant and thermal-expansion 
coefficient are becoming decisive. Because the forming layer is bound to the 
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substrate, viscous yield cannot be carried through, as in free material, and resi- 
dual stress builds up. 

In Step 4, where the elastic range leads into a plastic range, limited plastic 
flow can accommodate the film to the substrate. Here we must apply the 
known facts about dislocations formed by strain. This strain in dynes per 
centimeter is given by 


o= wf [sary aT - [Paar ar], (14.45) 


where jt; = elasticity modulus of film (for silicon, 1.87 - 102 dyn/em?), 
%, = substrate expansion coefficient (for Al,03, 8.31 + 10°® em/°C), 
4%, = film expansion coefficient (for silicon, 4.24 - 10-6 cm/°C at 1 10°C), 


a is generally a function of 7. For the range of deposition temperature to room 
temperature, AT ~ 800°C, and the « values given, one obtains 


o, = 10'° dyn/cm?. 


If this strain would operate without release on the silicon film, it would 
already have a strongly diminishing influence on the mobility because of 
intervalley scattering. The pressure-band-gap coefficient of silicon is positive 
(germanium negative) and of the magnitude 


E,, = 1.5 - 1071? eV dyn™ ‘cm? 


for the [100] minimum.!> 
This would result in a gap change of 


AE, = 1.5- 1077 ev, 


a value corresponding to a hydrostatic pressure of 10° kg/cm?. At this pressure, 
the mobility is about 10 per cent of the value at atmospheric pressure.’® 
But actually the formation of dislocations relieves the stress to a large extent. 
That stresses of this order of magnitude are generated has been shown by 
deposition on a cantilever beam.'® Ang et al. calculated the stress from the 
cantilever deflection and found a value for ¢ in agreement with the value 
derived from (14.45). 

If we assume that a silicon crystal is plastically deformed with the radius of 
curvature of the order of magnitude measured here (~1 cm), we generate a 
number of dislocations: 


A=(r-b)7! cm72, (14.46) 


where r = radius of curvature, 
b = Burgers vector. (See Figure 12.1) 


This corresponds to a dislocation density of 
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A=0.2-108 cm7?, 


a value measured on the best films. 

There has been much argument about the possible use of annealing steps 
to eliminate strain and strain-induced dislocations in films. It is generally 
known that slow cooling in crystal growth is essential for perfection. But this 
relates to step 3 in the list of sequences where the viscous-liquid growth occurs. 
In this range, the problem is similar to the single- or multistage annealing of 
glasses.” In this case, the standard equation for predicting residual stress is 


o(00) = 1.25 +d?» A{kg/em]? (14.47) 
or 
o(00) = 1.25 + 10° d? - h{dyn/cm?], 
d = plate (specimen) thickness, cm, 
A = cooling rate, °C/min. 


Expressing (14.47) in the usual dimensions considered in semiconductor- 
stress problems, one has 


o(co) = 1.25 + 107? d? [w?JAL°C/min]. (14.48) 


This indicates that in the range of film thicknesses of microns, the cooling rate 
A may be correspondingly faster in producing the same result as in material of 
centimeter dimensions. In other words, a cooling rate of 100°C/min, as is the 
range in epitaxial growth, is still largely sufficient in order to anneal a film 
down to the same level of residual stress as a layer of centimeter thickness 
would retain after about one year of annealing. 

Thus annealing rates of 1000°C/min would be slow from the point of view of 
viscous yield in freely suspended layers of the thickness of semiconductor 
films. 

But since these layers are bound to the substrate, viscous yield cannot be 
carried through as is done in free material layers and residual stress must 
build up when the material goes into step 4, where the elastic range leads into 
the plastic solid range. It is a property of the material in step 3 to relieve strain 
by viscous flow. As soon as nuclei merge together and interatomic crystal- 
lattice forces become predominant and so form a single crystal, viscous flow 
stops and only plastic flow can take place. We have to consider here that, once 
edge dislocations have formed, their activation energy lies in the electron-volt 
range. The temperature for annealing would follow from 


e 


h ~ XP Ep (14.49) 


where e/kTy ~ 40 V~}, 
T = 300°K, 


indicating that T >T,,,, T,, = melting temperature. 
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It could be argued that in the plasticity range, dislocation movement could 
be aided by local stress fields or by external strain caused by bending. Since 
the stress field around a dislocation (germanium or silicon) is of the order of 

1 pr ub? nr 
E.=5 cob ar =" toa(“!), (14.50) 
where oy, = stress component in slip plane (spherical coordinates), 
6 = Burgers vector ~2.5 - 1078 cm, 
19 = 1077 cm (bad region), (See Chapter 4) 
r,; > ro, for example, r, = 1 cm, 
“= Poisson’s ratio, 


one obtains 
E, = 5+ 1073 erg/cm. 


For each atom plane threaded by the dislocation line, this is an amount of 
2-107" erg/atom plane for metals, or 8 eV. (See Ch. 7 and Cottrell.'*) 

This high amount of energy must be overcome in plastic flow when disloca- 
tions of different sign are neighbors or when a stress field is brought to bear in 
order to bring about dislocation movement. In the case of well-oriented 
dislocation lines, one may improve perfection in a central region by dislocation 
movement, but if the dislocations are oriented at random (see, for example, 
Figure 10.1), this seems impossible, since moving deformation bands, twins, 
and grain boundaries are not maintaining their structure in the Presence of 
other defects and form new dislocations. Nucleation of dislocations is well 
known in these cases and has been found experimentally in aluminum and 
silicon crystals under direct microscopic observation.!2 

There is, however, a distinct possibility of improving perfection with layer 
thickness. Film perfection is much higher at a distance of a few microns from 
the interface. The layer may improve gradually as it builds up by dislocation 
outgrowth. 

Other considerations, like the induction of creep of different kinds to 
teleave the localized stress, also lead to the conclusion that high temperatures 
are necessary. If, for example, exhaustion creep (Mott-Nabarro) or Andrate 
creep are considered, very long time constants are involved if the film is not 
brought to a temperature at which the coefficient for self-diffusion is of the 
order of 

D~ 10719 to 10-!* cem~?/sec, 
(1100 to 1200°C). 

It is also unlikely that vacancy diffusion would be sufficient to restore the 
film perfection. As we have seen, the nuclei misalignment results directly in 
dislocations, as does the expansion misfit. 

In the case of silicon there is another problem. Silicon, more than german- 
jum, has the tendency to form many kinds of twins. Not only first-order twins, 
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but above all, second-order twin joins, These joins run in varied crystallogra- 
phic directions and do not lend themselves to preferred motion in annealing 
(see, for example, Section 4.4). As discussed, a second-order twin join is 
formed by rotating superposed [110] projections by 38°57’ around [110] (see 
Figures 4.10 and 4.11) (white points are below projection plane), The second- 
order join has a resultant direction along [221] for individual A and [221] 
for individual B. At points b, bonds have been combined, at points d bonds 
have been rotated. J. A. Kohn?° has analyzed the first- and second-order twin 
joins in silicon and established their existence. 


Chemical Changes. 


At the deposition temperature in excess of 1000°C for silicon, the Al,O; 
surface reacts with the atomic silicon. Silicon atoms deposit preferentially at 
Al sites, as we know, but reactions of the hydrogen carrier gas also take place. 
In addition, the presence of SiO and SiO, leads to localized reactions of the 
type 


Al,0(g) + H2(g) = 2Al() + H20(g) 
SiH, +2H,0 =—  SiO,+4H, 
SiO0,+H, == Si0+H,0,etc.* 


Many silica-glass structures are known and have been described in detail.?* 
The multiplicity of the SiO bond structure is responsible for many variations. 
Assessing the thermal behavior of these complex structures seems to depend 
largely on the SiO stretching bond vibrations, which again vary with the 
crystallographic direction. 

Another point of uncertainty is the polymerization tendency of the [SiO,] 
and [(Si, Al)O,] groups, which are in no way restricted to tetrahedral coor- 
dination, Interlinkage of [SiO,] and |AIO,] tetrahedra occurs, for example, in 
sillimanite. The multiplicity of the [Si,O,] chains is important here. Possible 
different degrees of ionization of the Si atom give rise to different SiO dis- 
tances and the formation of double chains, [SiO,]-[AlO,] tetrahedra, and 
[AISiO,] double chains. 

Variations of cell content of the x[Al,0,] - y[SiO,] chains and consequent 
density variations make an estimation of thermal expansion and the effect of 
annealing more uncertain. Rather difficult situations arise from “ quartz” 
chains, Si—Si—Si, and “amortite” chains, Si—AI—Si—Al. Polymorphism 
of Al,SiO, is known and has strong pressure dependence." 

It is known that the sapphire substrate is strongly attacked and transformed 
after deposition.*®* It is also known that the Si-Al,O, interface has electronic 


* For detail on substrate-film reactions, see: J. Mercier, J. Electrochem, Soc. 117, No 5, 
p. 666, May 1970; 117, No 6, p. 812, June 1970, 
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Properties at variance with either the silicon layer or the Al,0; substrate,?? 
Ithas been found that this glassy interface has a trap density of 10'° cm~3 and 
acts as a strongly ionizable layer that generates an inversion layer next to it in 
the silicon overgrowth.?? 

Even assuming that thermal treatment for prolonged periods of time would 
improve the silicon layer perfection, other problems arise from the doping 
changes that are tied to the annealing process itself. These problems center on 
the formation of thermal donors and acceptors. These are variations in the 
electric character of the SiO bonds with temperature treatment. 

Silicon in contact with oxygen-carrying media (quartz, sapphire, etc.) shows 
a high degree of oxygen concentration. Oxygen, in turn, can act as a doping 
agent. A heat treatment as low as 450°C of silicon with oxygen present shows 
donor formation to the point that p-n junctions can be grown into silicon 
by a 450°C heat treatment, when an oxygen content of 10'7 cm~? is mea- 
sured,?3 

Although the maximum donor formation occurs during many hours of 
heat treatment at around 450°C, donor formation is already measured after a 
few hours annealing. Some general laws of heat treatment have been derived 
for silicon.?* 


1, The initial donor formation is proportional to the fourth power of the 
oxygen content. 

2. The content can be as high as 10'? cm~3,23-25 

3. Heating above 500°C for longer periods of time decreases the donor 
concentration, and a heat treatment at 1000°C stabilizes the crystals so that 
subsequent heat treatment at 450°C shows reduced donor formation. 

4. The solid solubility for oxygen decreases with decreasing temperature 
(heat of solution = 1 eV). 

5. Prolonged heating creates SiO, as a second phase (T: ‘yndall effect, high 
scattering center density, low mobility). 


Tt has also been found that SiO, tetrahedric formation changes the local 
dielectric constant of silicon crystals. These facts have not been clearly 
correlated, since in p-type silicon the 450°C cycle can also form thermal 
acceptors and the 1000°C cycle can form donor states.?° 

It is well known from bulk crystal growth that prolonged heat treatment can 
decrease both thermal impurities but that the mobility values (also lifetime) 
suffer severely because of the above-mentioned neutral scattering centers. 

Moreover, it is well established that a lowering of stresses around inclusions, 
mainly oxygen and oxides, is realized by the formation of separated or paired 
nonclosed configurations of stacking faults.?7* 78 

For all these reasons, there seems little room for thermal improvements by 
annealing of silicon films on sapphire or other insulator substrates. 
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14.4 Dislocation Generation in Homoepitaxy and Heteroepitaxy: 487 
Experimental Achievements 
Vapor Deposition. 


Much of the experience in heteroepitaxy was gained on silicon as deposition 
material, and we refer mostly to this work, but many of the conclusions are of 
a general nature and can be applied to other materials combinations, 

Also, the method of chemical deposition (SiCl, and SiH, reduction), as 
first successfully applied by H. C. Theuerer of Bell Laboratories (1958) in 
homoepitaxial growth, has been predominant in heteroepitaxy of silicon since 
then, 

As in vacuum deposition, the process of nucleation is decisive for the layer 
formation, but the fact that surface precleaning immediately preceding deposi- 
tion is so much easier and equipment cost lower in chemical-vapor deposition 
than in vacuum deposition has given the first method a much wider indus- 
trial use. 

Substrate material for silicon is usually sapphire (Al,O3) in varied orienta- 
tions.”° Spinel, MgA1,0g, has been used also,?° as well as beryllium oxide,>4 
and in moving-mask deposition, SiC was also used.3? Orientation of films has 
been achieved on silica,** and a better crystallographic and thermal match is 
expected with crysoberyl, Al,BeO,, as substrate. The different substrate 
structural parameters and thermal constants are compared with silicon 
Table 14.2. 

The sapphire orientation commonly used is [1102] or [1012] (see Figure 
14.12), Here the silicon atoms can find approximate register for a number of 
film orientations, mostly the [111] species. In spinel, a wider lattice mismatch 
is observed. 

At first glance, it would seem obvious that a precise match in lattice con- 
stant and thermal-expansion coefficient would be most important. In nuclea- 
tion theory, it seems, however, that more or less of a difference in these para- 
meters, at least within the range of the buildup of the nuclei before cluster 
formation, is not critical. There is, of course, a fallacy in this argument, which 
is based on the assumption of perfect growth due to basic nuclei alignment 
(see our preceding arguments). 

In all cases single crystal films were produced under careful growth condi- 
tions, because in fact a certain register of the silicon atoms with the Al atoms 
(see Figure 14.13) is sufficient to start an oriented overgrowth yielding near 
perfect or perfect Laue-back reflection pattern. The perfection increases 
markedly if thicker layers are grown. It is well known that in homoepitaxy 
the epitaxial film can have a significantly higher perfection than the original 
seed crystal.3* 

Therefore, good device characteristics have been achieved with thicker 
(> 1 ») films, especially for devices on a micronscale like Schottky barrier 
diodes for high frequency, mixer diodes, FET devices, tunnel diodes. Vertically 
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Fig. 14.12 Superposition of _silicon-on-sapphire. 
Aluminum atoms on (1102)-plane of sapphire. Oxygen 
atoms on plane below. Silicon atoms in epitaxial layer 
are larger circles superimposed. After Manasevit ?° 


emplaced junctions, as they are used in diode arrays and MOS structures, 
suffer from a yield problem because of the interface action that is shunting a 
part of the p-n junctions formed.?1>5 If diffusion steps are involved, as in 
bipolar transistor structures, the high dislocation density is a production 
hazard and limits yield because of preferential diffusion along disloca- 
tions. 37 Also, ion implantation does not basically eliminate this difficulty, 
since it is operating on the principle of the open lattice in chosen crystallo- 
graphic directions. Thus dislocations result in punched emitter-collector 
junctions and uneven p-n layers.>” 

For device sizes, even as small as a few square microns, a dislocation 
density of 10° cm~? puts one dislocation on every 1-micron-square area, thus 
on any junction fabricated. 

Experience shows, therefore, that a careful evaluation has to be made for 
each case of device chosen with respect to yield, performance, and price if the 
SOS technology is desired for one reason or another (for example, 
radiation resistance). 
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There are numerous efforts to improve layer perfection in chemical vapor de- 
position. It is known, for example, that codiffusion of two impurities, one with 
a smaller, the other one with a larger tetrahedral covalent radius (Pauling), 
can compensate each other and that no lattice strain and subsequent 
dislocation formation occur. For example, a codiffusion of tin (small Paulin, g"s 
radius) and boron or phosphorous has been found to compensate each other’s 
lattice strain to a large extent.** It is therefore possible that the positive strain 
in silicon on sapphire is compensated, at least partially, by a coevaporation of 
Sn in the early deposition stages. But here again the first layer adjacent to the 
insulator substrate must be degenerate, at least 10!° cm~* Sn, and vertical 
junctions are not possible. 


Hall Data. The reduction in mobility in epitaxial silicon compared with 
bulk silicon is not only due to dislocation scattering (and neutral scattering) 
but is mainly caused by the space charge around edge dislocations.3® Careful 
measurements of electron and hole mobilities have been compared with those 
measured on equally doped bulk silicon subjected to the strain calculated for 
the films.*°* 

Measurement results are shown in Figure 14.13 for electrons. The maximum. 
values lie at 500 to 600 cm/s/V/cm at 10'® cm ~3 and decrease at both sides 
toward smaller and higher doping values. For bulk silicon (strained), however, 
the values increase as usual for lower impurity content. The same situation is 
found for holes (see Figure 14.14). There is one obvious explanation for the 
striking mobility loss with lower carrier concentration, namely, that com- 
pensation takes place between substrate surface impurities and the dopant, 
increasing the number of neutral scattering centers. This is also true for p-type 
films, showing that other influences than the aluminum autodoping are in- 
volved. The effect, however, is more pronounced in n-type films. One has to 
consider here the mosaic structure of these films, which are subdivided into 
crystallites separated by grain-boundary barriers. This increases the measured 
resistivity (decrease of ¢ in 4 = ¢ - Ry) and lowers the mobility. In Figure 
14.15, a comparison is made of the temperature dependence of the Hall 
mobility for silicon films with an intentionally high dislocation count (doping 
range 10** cm~*) and silicon on spinel. Although the influence of the dis- 
locations is striking, there is still a difference between homo- and heteroepi- 
taxial films. 


* The hole mobility actually can increase by strain when the band changes cause a shift at 
the top of the valence band toward smaller effective mass holes (Figure 14, 14 see also: 
G. Dorda: Appl. Phys. Letters, Vol. 17 No 9, pp. 406-408, I. Nov. 1970 for quantization 
effects in the conduction band), but this effect does not make such layers more suitable for 
devices. Upon heat treatment the strain will relax and diffusion may have erratic results, 

Important is also the high density (10*%cm~3) of deep levels in the forbidden gap of silicon 
on sapphire. (See D, J. Dumin, Solid State Electronics. Vol. 13 No. 4, pp. 415-424, April 
1970.) 
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Fig. 14.13 Hall mobility as a function of carrier concentration for 
bulk silicon and epitaxial silicon on spinel (after Schlétterer*°) 
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Fig. 14.14 Hall mobility as a function of carrier concentration for 
bulk silicon and epitaxial silicon on spinel. (After Schlétterer [40].) 
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Fig. 14.15 Comparison of Hall-mobilities for holes versus temp- 
erature for homoepitaxial silicon with small dislocation density 
(< 10° cm~?), homoepitaxial silicon with high dislocation density 
(> 10° cm~?) and heteroepitaxial silicon. 


There are, therefore, a number of influences due to the heterogeneous 
growth conditions, and it seems doubtful that two-dimensional deposition 
methods will solve this problem without recourse to improved parameter 
control. 


Vacuum Deposition. 


From early experiments in vacuum systems, we know that the growth of 
device-grade films was not achieved because of the oxygen loading of the 
deposited films and that even homoepitaxial vacuum deposition suffered from 
unclean surface conditions that seemed to be independent of the degree of 
vacuum achieved. With the development of doping methods, the original 
difficulties (p-n mosaic structure) can be overcome at least for higher con- 
centrations (N, > 10*° cm~*). This was shown recently in a system where 
antimony is coevaporated from a source with the deposition of high resistivity 
(2,400 ohm cm) silicon.** Room-temperature Hall mobilities in excess of 
500 cm/s/V/cm were achieved here at a 10? Torr initial vacuum range. 

An interesting effect was found, namely, a remarkable improvement in 
mobility (40 per cent) when the grown films were subjected to oxidation 
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(oxidation in steam and annealing in argon). Itoh et al.** explain this effect 
by the neutralization of the Al atoms freed by autodoping. This effect is also 
known from the treatment of vapor-deposited films.** Similar effects and a 
redistribution of impurities have been reported in work on hydride dopant 
sources (BH, , PH;) in silicon on sapphire.** 

At this stage, the results in vacuum deposition do not seem to justify the 
greater amount of equipment cost and control needed. There is, however, 
progress in ultrahigh vacuum deposition or sublimation at low substrate 
temperatures. At a vacuum of 10~'° Torr and a substrate temperature of only 
550°C, Thomas and Fracombe** have sublimated p-type silicon on n-type 
silicon and produced sharp p-n interface and good junctions. Such methods 
could conceivably be applied to heteroepitaxial deposition also, decreasing 
substrate-film interference, autodoping, chemical changes, thermal stress, 
and the like. But there is certainly still a long way to go to the successful 
deposition of device-grade layers below | yu thickness on insulators. 


Microzone Melting, Traveling Solvent Recrystallization, Directional 
Growth, and Other Methods. 


We have discussed how four main effects combine to make two-dimensional 
heterodeposition inefficient as a method to grow device-grade semiconductor 
material. We have also discussed the problems of heat treatment. With these 
limitations in mind, it seems desirable to minimize a priori the layer defect 
formation by a monocrystallizing step independently of the original deposition 
process or to form a layer by localized deposition under the influence of 
crystallographic growth forces in a microscopic homoepitaxial process. In 
such a process, local stress is relieved during growth, since only a microscopic 
(monoatomic) layer builds up at a time and no large area deposition occurs. 
Several methods to achieve microscopic growth planes have shown promise 
and are discussed briefly. 


Microzone Melting. J. Masujian*® has applied localized remelting of de- 
posited films. Remelting was achieved by localized exposure to an electron 
beam (see Figure 14.16). Hall mobility data were improved by more than a 


Substrate 


Fig. 14.16 Schematic of electron-beam recrystallization 
(See text). 
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factor of 2 this way. The relatively high local temperatures, reaching the 
melting point, may cause undesirable effects, so that methods using eutectic 
liquid zones are often preferable when doping effects can be controlled. 


Traveling Solvent Recrystallization. Instead of moving the heated zone bya 
moving source, the zone movement can also be effected by a temperature 
gradient along the substrate. A liquid interface can be formed either by heating 
or by lowering the melt temperature with an appropriate eutectic layer. This 
layer may have a cylindrical shape (see Figure 14.17) and is forced to move 
under a temperature gradient AT or Peltier heating, reenforcing a gradient 
already present. W. G. Pfann et al.*7 have extensively analyzed such recrystal- 
lization procedures, which are very common in zone refining processes. In a 
system, such as that shown in Figure 14.18, the liquid-solid interface is dir- 
ected in different ways at each side with respect to current flow or polarity. 
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Fig. 14.17 Traveling solvent recrystallization. Solvent zone sub- 
jected to temperature gradient 7, -» T, and cross-section of liquid 
layer with leading and trailing edge. 
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Fig. 14.18 Liquid interface motion due to current flow and Peltier-effect. Heat flow 
equation after Reiss (see text). 


This causes the effects at those interfaces to add together to a total lateral 
force on the liquid layer. 

H. Reiss*” has derived relations for the velocity of the interface motion. 

If a horizontal cylindrical cross section is assumed and the solid part is at 
the left of the liquid part, with the + x direction to the right, the interface 
may move for dx in time df at a current j. Then the heat absorbed is Pj dt, with 
P = Peltier coefficient in volts, and the heat of fusion (freezing) is Hdx in 
cal (H in cal/cm?). 

With the temperature gradients A7, and A7;, in the solid and liquid and 
k, and k, their respective thermal conductivities, the heat leaving the inter- 
face (in the direction of the temperature gradient) is 


(k, AT, — k, AT;)dt{cal]. 
The heat absorbed because of internal energy difference in liquid and solid is 
(C, — C)Tdx, 


where C,, C, = respective heat capacities, cal/cm’, 
T = melting temperature, °K. 


In the heat balance the Peltier heat and the heat leaving the interface must 
be equated to the heat of fusion Hdx and the heat absorbed (C, — C,)Tdx. 
This leads to Reiss’ formula: 

yd _ (PJ/4.186) + (ky AT, = ky AT) 
dt H+(C,—C,)T 


where 4.186 = dimensional factor, watt sec cal~' (see Figure 14.18). 


7 (14.51) 
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With modest current densities of the order of 10 amp cm~?, such interfaces 
have been moved with speeds of 2 to 3 ysec™'. This is largely sufficient for 
thin-film recrystallization work. If the Peltier heating is combined with a 
localized optical heating and an additional temperature gradient, an efficient 
localization and minimization of convection should enable one to carry 
through efficient monocrystallization of originally polycrystalline or highly 
imperfect deposits. 

Such schemes have worked, for example, with GaAs when a Ga-rich zone 
was used. It was established that: 


1, The Ga-rich liquid layer was contained because of surface tension at the 
liquid state. 

2. The Ga-rich layer moved under an applicable temperature gradient 
Pow h, 

3. The film does not detach from the substrate. (c.g. a Al,O3-surface). 


It turns out that a cleaned substrate surface, even if amorphous, can be used, 
since no heteroepitaxial relations are required, the crystal is growing out of 
a seed, 

In silicon material, a liquid zone based on indium has also been used. 
In InSb and InAs, traveling solvent growth has been investigated in bulk 
crystals, and conditions for preparing p-n-p and n-p-n structures have been 
worked out without disturbing the monocrystallinity.*® For silicon, in parti- 
cular, low-melting eutectics can also be established by a gold-silicon alloy 
zone (370°C). Thin alloy zones of this kind have been made in order to assume 
a liquid-solid substrate-film contact that would diminish the influence of the 
surface on defect growth.*® The assurance of a liquid-solid interface, as in the 
traveling solvent method, has produced improvement of perfection when 
applied to crystal growth.*° It is a particular point of the application of this 
method to thin-film growth that the localized liquid-solid growth mechanisms 
eliminate the problem of large-area growth and thus the problems of nuclei 
alignment. In the growth of monomolecular interfaces in contact with a 
laterally moving liquid-solid interface at a seed crystal, the substrate forces 
are minimized, since only very small (two-dimensional) layers crystallize under 
application of the 60-times stronger cohesive forces of the seed-liquid contact. 
As the layer builds up, the small disturbance introduced at the substrate 
surface grows out into the perfect upper crystal layers (>1 ,) of the epitaxial 
film under dominance of the lateral seeding forces. In two-dimensional growth, 
interface velocities as large as 2 x 10~° cm/sec for In—InSb systems and for a 
temperature gradient AT ~ 30°C/cm have been measured. In Pb-InSb systems, 
interface velocities of 0.9 x 10~° cm/sec were found for liquid zones with 
AT ~ 60°C/cm.*! 
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Directional Growth of Single Crystals by a Moving Deposition Zone. \n this 
technique, CVD can be employed in the usual sense, but the deposition is 
confined to an edge of the substrate in order to build up a monocrystalline 
surface by continuous lateral outgrowth under application of a seeding process. 
Figure 14.19 describes this system.*? Although the original nucleus is oriented 
in some preferential direction, the system allows the use of lateral growth 
forces, as in a zone-leveling equipment,*’ and has shown promise of film- 
perfection improvements even for film thickness around | y. For thicker films, 
the chances of an upper, more perfect layer are good, but in the immediate 
neighborhood of the substrate surface one has a disturbed layer. Substrate- 
film relations are less important than in CVD without seeding. Amorphous 
substrates can be used in principle. 


SiH, 


Radiation shield 


Fig. 14.19 Moving mask deposition with silane vapor. 


The same method can be applied to vacuum deposition and is being studied 
by M. Braunstein (Hughes).** There is, however, a use of a low-melting 
eutectic (Si-Au). In this “vapor-liquid-solid-moving-mask-growth” the 
silicon evaporation is concentrated on a slit in the moving mask and causes 
this part to be liquid at the substrate temperature of 800 to 900°C. Single 
crystal regions of 20 x 30 u size and some as large as 50 x 300 have been 
achieved. Preferred orientation was [111]. There was no use of a seed. Seeding 
occurs at a fine point of the triangular mask opening as in a modified Bridgman 
method, and the outgrowth is oriented along the direction of the original 
nucleus (see Figure 14.17). The movable, slotted mask, placed between the 
fixed mask and the evaporation source, gradually uncovers the apex of the 
acute angle of the fixed mask. The problem of the fine movement of the mask 
is solved by an hydraulic drive mechanism with bellows. Although silicon 
single-crystal regions have been formed (clear Laue pattern), no larger films 
have been grown, and the method at present does not yet yield the perfection 
reached with CVD. 
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Aside from the deleterious effects of the gold as a trap center and lifetime 
killer, the seeding at a triangular point is undefined. 

A somewhat more elegant version was reported by Clark et al.,5* who used 
the method above, but the silicon is deposited by sputtering at 200°C substrate 
temperature (local temperature is certainly higher). First results are, of course, 
not yet comparable with CVD, but it seems that if truly lateral growth can be 
achieved, this method gives a possibility of finally meeting all quality require- 
ments that are attached to the production of bulk monocrystals from the 
solid-liquid growth in Czochralski methods. It remains a problem here to 
force the sputtered atoms or molecules to deposit two-dimensionally at the 
growing crystal surface A (see Figure 14.20) and linearly on the substrate 
surface B each time a layer on the growing crystal is formed. A seed would 
facilitate the original direction and quality of the growing crystal. The contact 
with the substrate surface would be one-dimensional, but two-dimensional 
with the seed for each layer formed. Therefore, the substrate would not 
essentially influence the layer perfection. The cohesive forces within the crystal 
dominate the adhesive forces along the surface and only a limited thin layer 


Insulator substrate { 


A octh et 
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Fig. 14.20 System for mask movement in triangular moving mask deposition and in 
localized sputtering with optical heating (argon, 10-* Torr). 
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directly along the substrate surface figures as a contact zone between the sub- 
strate and the perfect crystal. The model of the traveling liquid-solid interface 
is obviously the best conceivable way to form perfect crystals, because here 
the mobility of the depositing atoms is much higher than in a sputtering 
process and cohesive forces form the monocrystal in the normal way from 
the melt. 

By localized heating (optically, eventually with laser light), one may be able 
to sputter new atoms into the liquid surface layer and then move the mask 
and heat source according to the buildup of the crystal. This method has been 
described in patent applications (H. F. Mataré—A. deRudnay) and is sketched 
in Figures 14.21 to 14.23. In a precise ion-sputtering process with electrostatic 
focusing, a localized deposition at the front of the growing crystal should 
occur, and the substrate interface should be kept plastic and should finally 
secure contact with the substrate only. 

Such a selective deposition, for example, is made to occur by focusing 
ionized semiconductor molecules or atoms on the leading edge or by electro- 
statically attracting them by the leading edge, where they are discharged and 


Fig. 14.21 Lateral film-growth by ion deposition 
from a seed on insulator substrates: A = accel. 
electrode; v~ const. velocity; L=lens; M= 
mask ; Vy = mask-potential; V; = film-potential; 
V, = beam-potential; LC 1id metal contact; 
i semicond. ion; S = 
n gun; IS = ion source 
(semi-cond.); E = electron gun. 


Fig. 14.22 Thin film grains and grain boundary 
barriers under voltage. 


Fig. 14.23. Thin film ion beam deposition with 
optical heating and rf annealing: L — light source; 
1S = ion source; C = annealingcoil; S = substrate: 
LC = liquid metal contact; M = mask. 
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condensed, or by heating the leading edge to a higher temperature than the 
substrate so that the vapor of volatile compounds of the semiconductor more 
readily dissociates and deposits semiconductor material on the leading edge 
rather than on the naked substrate not yet covered by the advancing oriented 
monocrystalline film. It is known that reactive gas loading can be reduced in 
vacuum deposition of oriented continuous monocrystalline films by depositing 
out ofa collimated beam. In fact, it is known that in high-vacuum evaporation 
systems, where the pressure of the residual gas is 10°* mm Hg or less, so that 
the mean free path of the residual gas molecules is much greater than normal 
source-to-target distance, most or practically all the reaction between evapo- 
rant and residual gas occurs after condensation of the evaporant on the target 
or substrate, Other deposition parameters remaining constant, reactive gas 
loading in a vacuum-deposited film or a reactive element or compound, such 
as Ti, Si, GaAs, is thus inversely proportional to the number of molecules 
condensing in unit time on a unit surface, and it is, therefore, customary to 
evaporate Ti, and the like, at a fast rate if gas-free deposits are required. By 
using collimated beams of the ionized molecules to be deposited, vapor density 
over the small condensation area is considerably increased, and reactive gas 
loading consequently reduced. Since absorbed reactive gas, such as oxygen 
or nitrogen, decreases absorbate diffusion length, thus increasing nucleation 
rate of polycrystals, it is also responsible for other defects in the growing 
semiconductor film. By using collimated ion beams for deposition of semi- 
conductor molecules, one can achieve a major improvement in semiconductor 
filming, particularly in the production of oriented monocrystalline semi- 
conductor films. 

Another advantage of the use of an ion beam for depositing oriented 
single crystals is the possibility of heating the very area of deposition, that is, 
the leading edge, to higher temperature than the adjoining areas. This selec- 
tive heating of the leading edge is accomplished by suitably regulating ion- 
beam density and acceleration potential and should greatly facilitate epitaxy 
in the growing film. 

Figure 14.21 schematically illustrates the process. A moving substrate 
such as sapphire, a glass ribbon, or a metal foil enameled on one side, moves, 
with constant speed over an ion gun that deposits an elementary or compound 
semiconductor film of constant thickness on the moving substrate. The semi- 
conductor can be heated by an electron beam e~. The initial deposition is 
made to occur on the heated left edge of an oriented monocrystalline seed 
attached to the moving substrate. By conveniently focusing and regulating 
the density of the ion beam the edge of the crystal seed is heated to the 
temperature required for epitaxial growth of the film built up by positively 
charged condensing semiconductor ions that are attracted and discharged 
respectively by the seed edge and the leading edge of the film that progressively 
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condenses. Both seed and film are being kept at a suitable potential by means 
of a liquid metal contact that first contacts the semiconductor film as the 
deposition proceeds. The condensing film thus takes over both the orientation 
and the single-crystal structure of the seed and keeps them all through its 
length. Since the ion beam is focused on and electrostatically attracted by the 
leading edge of the condensing semiconductor film, only a few scattered ions 
of the semiconductor can condense ahead of the leading edge, and the danger 
of heterogeneous nucleation is correspondingly reduced. As an additional 
precaution against condensing molecules, a positively charged mask with a 
fine slit opening, or having the shape of a knife covering the part of the 
substrate that has to be kept free of condensing molecules, can be placed 
between ion gun and moving substrate. 

More detail about the electrical setup is evident in Figure 14.21. The 
semiconductor ions / are accelerated by an electrode system A and pass 
through the slit mask M so that the ion beam is congested because of a re- 
pulsive voltage Vy on M (battery: B, and R, for regulation). A battery B, 
connected across resistor R to a liquid metal contact gives the film a negative 
bias with respect to the ion-beam potential. The relations among these dif- 
ferent bias potentials are dependent on beam ionization, particle acceleration 
due to V,, and initial particle heating by the electron beam E. 

It is essential that the mask M eliminate all particles of slow speed that 
could deviate from the directed path toward the heated point of the thin film 
advancing with velocity v and maintaining liquid contact to the frozen mono- 
crystal. To assess the voltage ratio mainly between bias B, and B; a simple 
consideration of the forces acting on the beam particles gives a first approxi- 
mation. 

Ifq is the beam particle charge, E the local field in the mask plane M, the 
force on the particles is 


F= LY En = DY aa(—erad V,,). (14.52) 
™ om Wn 
For one particle, the decisive is 
<1 ei aien.. Via 
ae an) (14.53) 


film potential, 

‘w = mask potential, 

d = film mask distance, 
w = mask slit width, 


In order to minimize beam particles that are not focused and side-tracked, 
the following condition has to be satisfied: 
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14.54 
Wo ae sof) 
where V, = beam potential. 
This means that 
Ve = Vig ow 
VyaVe “2d 
or 
Vy, 2 W 
— <—. 14.55) 
Vy, 2d C59) 


In adjusting the respective film and mask potentials, such a condition can be 
met. 

Another advantage of a relatively high potential from bias B, is the estab- 
lishment of a potential drop across the forming thin film. A dense ion beam 
can draw a current sufficient to form a lower impedance path than the forming 
and nucleating thin film. This establishes a voltage drop across the film that 
is desired in order to merge the forming crystallites. A lateral potential drop 
exerts ponderomotoric forces on the individual grain-boundary junctions 
when they form during nucleation. Although such a potential drop is effective 
only for the total film in case of a deposition under bias (see Figure 14.22), 
the ion-beam deposition allows the exertion of the field force directly during 
formation of the film structure and, therefore, eliminates forming grain 
structures more efficiently. As seen in Figure 14.22, the connection in series 
of all individual grains leads to a very high impedance and necessary voltage 
drop although the field required for one barrier of height # is small. 

The potential difference across the entire film is 


AVeitm = Reitm * Agim + 


(We only take into account grain-boundary barriers orthogonal or nearly 
orthogonal to the current flow.) Thus, in the case of the ion beam (see Figure 
14.21), 


: Vins — Vseam 
Goam H 14.56 
tie pe’ lelde (14:9) 
where /, = film length, 
qr = film cross section, 
Pr = resistivity of film, 


To assess the ponderomotoric forces on the thin-film grain boundaries 
under bias, we calculate the electrostrictive forces acting on the forming 
depletion region of the n-p-n structures of grain boundaries in analogy to 
electrostrictive forces in liquids. 
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It is well known that grain-boundary barriers generate a voltage drop:>> 


& [BP 
AV =%,- Vea (e-=): (14.57) 
(See Sect. 11.2) 


where V,, V, = potential drop on either boundary side, 
AV = V, — V2 = external voltage, 
@ = dielectric constant, 
e = electronic charge, 
N,, N2 = impurity densities on either boundary side, 
£,, E, = local fields on either boundary side. 


Putting N, = N, and assuming that at nucleation temperature the boundary 
field forms already, we can derive an expression for the pressure on the 
dielectric barrier layer in the field AV as formed by the external bias: 


dp Lona pa (2) 
[oR e-a(S aes (14.58) 


where p = pressure component, 
o = density of film. 


For assumed constant density (low compressibility liquid) it follows that 
lop 2), ae ; 
Pi — Po = (Ei — E3)o— (pressure increment). (14.59) 
8x do 
Using Clausius-Mosotti’s formula 
— =Ce, (14.60) 


with C independent of ¢, and differentiating yields 


3 
ae 14, 
aa Cdo (14.61) 
or 
de__(e+2)?_ e+2 
Gig OO a as 


thus, it follows from (14.39) to (14.41) that 


(e-1); 


e+2 e-1 
i a 


1 
Pi-Po=5 AE? (14.62) 
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Assuming now ¢ = 10 and AE~ 10° V/cm, a value easily achieved by a few 
volts drop across the barrier of 10~* to 10” ° cm of thickness, we have 


Ap = 44+ 1074) + 108° = 4 - 10° dyn/om?. 
Assuming a cross section of the growing film 
lux imm, 
the pressure on this interface if a grain boundary formed would amount to 
1 dyn or roughly 107 Torr. 


In a vacuum of better than 1075 Torr the differential is better than 100. 
This is a sufficient pressure gradient to force merger of nuclei in the quasi- 
liquid state. 

In order to increase the local particle mobility at the forming film edge 
additional film heaters can also be provided. As an example, an optical or 
electron beam heater can be positioned in the vicinity of the ion gun, on either 
side of the substrate, and a radiation heater can supply radiated heat between 
ion gun and ground contact of the film. The optical beam or electron beam 
heater can be used for sharply defined local heating in order to promote 
epitaxial growth or thermal stress relief, and the radiation heater between ion 
gun and ground contact may be used for annealing the film and also for raising 
the semiconductor film temperature to a point where it becomes more con- 
ductive and thus provides a sufficient electrically conductive path for the ion 
discharge current (see Figure 14.23). A need for high-purity-material deposi- 
tion may demand compound formation in situ. This can be solved by adopting 
the present technique to the case of a two-source deposition (see Figure 14.24). 
Although a two-source deposition is known as such, ion-beam deposition in 
this case is new and should lead to a combination of better materials control 
with higher film perfection. It is known that the usual flash evaporation used 
for homopolar and heteropolar semiconductors is rather crude because of 
particle clustering and consequent film growth defects. 

It is also known that in the vacuum deposition of compounds, such as 
GaAs, the partial pressure of the vapor of the more volatile component must 
be higher than prescribed by stoechiometry. It is also known that partial 
pressure and evaporation rate of ionized molecules can be monitored with 
great accuracy. By using separate ion sources for the vacuum deposition of a 
compound semiconductor film, we can thus very accurately monitor vapor 
composition and maintain conditions ideal for film deposition. By separate 
ion sources we do not only mean separate ion guns for each component but 
also separate sources of ionized vapors with a common ion optical system for 
uniting and collimating the originally separate vapors. 
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1S 1 1s 2 


Fig. 14.24 Two source compound film deposi- 
tion by ion beams: JS 1 = ion source 1 (e.g. 
gallium); /S 2 = ion source 2 (e.g. arsenic); S = 
substrate; LC = liquid metal contact; 7;, T2, Ts 
controlled temperatures. 


Films built up according to this description can be used to deposit contacts 
and insulators for the formation of active devices like MOS and FET devices. 
Because of the substrate movement, a part of the film, formed as a monocrystal, 
can immediately be processed into device structure or parts thereof. 


Conclusions 


A number of the techniques have been used to improve perfection of silicon- 
on-sapphire layers: Improved substrate surface polish and etching, gas-phase 
etching, deposition-temperature cycling, initial fast delivery followed by slow 
deposition, vapor-pressure variations, annealing steps, and other methods, 
such as laser recrystallization. But in considering the systems limitations in 
two-dimensional chemical-vapor deposition, it occurs that little can be done 
in order to achieve the desirable device-grade prefection needed for repro- 
ducible, predictable, and reliable device performance at larger scale. Also heat 
treatment has a very limited chance to enhance perfection, as we have seen. 

Since the basic limitations derive from the crystal-substrate interface as the 
origin of growth, methods are being tried and proposed that make the film 
growth more independent from the substrate and use the 60 times stronger 
crystallographic growth forces acting in isomorphous growth. The best road 
of attack seems to be the one that yields new parameters for film growth 
control: 


506 


I; 
2. 
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The formation of a localized solid-liquid interface 
Employing moving forces on such an interface by temperature gradient 


zone leveling and piezoelectric effects 


3) 


Deposition of materials from the source only at the leading edge of a 


seed crystal 


4. 


Per Auaune 


19; 


20. 
a1, 


Beam direction by ionized deposition techniques.* 
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Chapter 15 Dislocations and Channel- 
Conduction in Amorphous 
Semiconductors 


In a treatise on the electronic properties of defects of the dislocation type, the 
free or dangling bond plays an important part, as we have seen. The recently 
much discussed field of amorphous semiconductors and the famous switching 
phenomenon are in one way or another connected with a change in bonding, 
and itis, in fact, useful to study some of the aspects of this field in the context 
of the present material on dislocations and their electronic behavior. 

The effect of an abrupt breakdown in resistance of dielectric materials with 
metallic inclusions or of amorphous semiconductor compounds is a very 
widely known phenomenon, and many descriptions of such switching pheno- 
mena became known when the efforts for publicity of application-oriented 
groups contracted funds from government agencies and devices were produced 
that attracted the attention of many workers in the solid-state field. 

There is no doubt that the switching phenomenon in disordered structures 
is an important fact and, if brought to reproducible, reliable, and predictable 
functioning, can decisively enrich the state of the art in electronics. A specific 
advantage above ordinary semiconductor thyristors is, for example, the 
radiation hardness of material with short-range order only. Other aspects are 
power-handling capability and relative low cost (no purification and mono- 
crystallization in the usual sense). Without dealing with the controversial 
history of the switch itself, our attention is focussed on the questions: 

1, Long-range versus short-range order 

2. Electronic versus ionic and thermal processes 

3. Reproducibility and possible applications 

Most known semiconductor devices used for basic circuit functions, such as 
rectification, amplification, generation of frequencies, switching, are based on 
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the fact that electronic changes in one part of the device are transferred with 
minimum loss and delay to other parts of the device and that electrodes can be 
built into the device at macroscopic distances. “‘ Macroscopic” is meant here 
with respect to the lattice parameter, that is, over distances involving thousands 
of lattice constants (which still allows microminiaturization in the usual sense 
or yu dimensions: | = 2,000 lattice parameters). A fundamental notion for 
the solid-state physicist and semiconductor engineer is the Bloch wave func- 
tion describing the properties of quasi-free electrons in a crystal and allowing 
charge-transfer velocities of only one or two orders of magnitude below the 
speed of light if the crystal is an ordered structure. 
In the solution of the Schroedinger equation 


V(r) = Ae™, (15.1) 
where y(r) = localized wave function, 
k= cs (wave vector), 
2 = DeBroglie wavelength, 


for the periodic structure A is replaced by the lattice-modulated amplitude 
A(r), which is dependent on the atomic configuration. 
The solution for the three-dimensional case is essentially a Fourier sum and 
may be written 
u(r) od z P, ae Files (bir) + ma(bar) + ma(b3r) e ase (15.2) 


where b,, bz, b; = basic vectors of reciprocal lattice, 
my, Mz, M3 = integers, 
v = frequency. 
As discussed in Section 2.2, periodicity deviations lead to nonharmonic 
terms in y/(r) and affect the propagation velocity of the wave. 
As we know from the energy balance 
AE = 4mv?, (15.3) 
the chemical potential = EZ, — E, or the energy difference between Fermi 
level and conduction band can be equated to the kinetic clectron energy (see 
also Chapter 2). In this case, m is equivalent to the effective mass and v is the 
thermal velocity. 
For high carrier densities, n > N.(N, = effective density of states in the con- 
duction band), { can be represented by 
1/3 2/3 h? 2 
=s(—) —n?? 15.4 
2 (&) Men a Oe) 
where n = electron concentration, 
h = Planck’s constant, 
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and therefore 


m n 13 
v=7.7- 107) wo] re (15.5) 
Ne 


For high doping n and small effective-mass values, the velocity can be a 
factor of 1/10 to 1/100 near the velocity of light, an important fact for the 
operation of devices. In the case of energy transfer from optical photons, one 
may also express 


AE =ho. (15.6) 


An additional condition for the energy transfer is the momentum equation 
AlAk| = ac (15.7) 


Applying these two equations to the velocity expression by the field gradient 
in the wave vector plane 


v= 5 BradayE(k) (15.8) 
leads to 
AE 
"= a (15.9) 


For such a process, the electron, however, is transferred into a higher- 
energy band with unchanged wavenumber, but it is significant that such transi- 
tions occur with light speed. 
In amorphous structures, this long-range order is inexistent. The crystal 
momentum 
A 


P,=+hk=+4 


>| (15.10) 


is not a quantum number throughout, but around a chosen atom the distribu- 
tion of other atoms shows the typical densities known from ordered crystals 
(to distances of a few angstroms, for example, in germanium to 7 A); further 
out densities are smeared out. This is also the reason for broadened optical 
reflectivity and smeared-out conduction and valence band edges. 

We owe to N. F. Mott penetrating work on disordered (amorphous) 
structures (see especially Ref. | and 19 with literature) that has helped much in 
understanding some of the implications in this difficult field. In many respects, 
understanding was gained by a study of liquid metals and semiconductors of 
crystals with compensating impurities (temperature activated hopping) and of 
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degenerately doped crystals when the electrons behave like an electron gas 
(finite value of o at zero°K temperature). 

In fact, the model for the density of states, N(E) versus £, for a liquid 
semiconductor (Figure 15.1a) is very similar to the model found for amorphous 
germanium derived from measurements of the temperature dependence of 
resistance, thermoelectric power, and reflectivity, (see Figure 15.1b).? A 


N(E) 


Valance band Conduction band 


(a) 


Ee 


ME) 


(b) 


E 


Fig. 15.1 Density of states of a three-dimensional lattice: 
@ for a liquid semiconductor (Mott); (6) for amorphous 
germanium (Tauc). 


recurring suggestion in regard to the transport properties of amorphous 
structures is that localized states exist in the region of forbidden energy. 
This means that the Schrédinger equation 
ay 2m 
wtp E-Pw=0 (15.11) 


where 7 = disordered crystal potential 


has for each solution y, a characteristic energy value E, and that their number 
increases as / increases (spacing 1/1), where / is the length of the atomic chain 
considered. In Figure 15.1, such localized states would be found in the shaded 
regions of the density curves. There are defined energy levels F that separate 
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localized from nonlocalized states. For liquid or amorphous material N(E) is 
found from 


4nk? dE 
NO) a di 


where k = wave vector, when E is derived from second-order perturbation 
theory for wave functions of the type u(y) exp (ikr) and adapted to the 
amorphous case by a replacement of the scattering matrix by a volume 
integral, including the Fourier transform of the pair distribution function.' 

The model for the state density in the case of strong interaction with the 
lattice (see Figure 15.1) allows some predictions with respect to carrier trans- 
port, If the Fermi energy lies in the nonshaded regions of E, the material is a 
metal, and the resistivity tends to a finite value as T+ 0. Ordinary transport 
theory is applicable as long as the mean free path L is large, compared with the 
electron wavelength 4. If the Fermi energy for low temperatures lies in the 
shaded regions, the material is a semiconductor or insulator. In this case, 
current is then carried either by excitation into the unshaded region or by 
hopping from one localized state to another. Gubanov? has pointed out that 
this model predicts a lesser sensitivity to doping of amorphous semiconductors, 
compared with crystalline structures. 

When the self-consistent potential as a periodic function of the cartesian 
coordinates x,, x2, x3 has to be replaced by a system of new (deformed) 
coordinates €,, > , €3 , the basic form of the Bloch wave function is maintained ; 
however, its characteristic lattice modulated amplitude A(x) is a quasi- 
periodic function of the deformed coordinates; 


UCE1, €2, €3) 


(15.12) 


and 


3 


Xab_ + kr (15.13) 


(see Ref. 3, pp. 131ff). 

It is obvious that, on account of this missing long-range order, doping 
affects the transport Properties at a lesser degree than in monocrystals.* It is 
important to define here that this lesser sensitivity to doping changes and, of 
course, also defects, originating, for example, from nuclear radiation, does 
not mean higher stability of a particularly important parameter. One may not 
bring about measurable changes of the conductivity of an amorphous struc- 
ture with the usual amounts of dopants, as in the case of crystalline semi- 
conductors, but this may mean that transport properties are undefined to a 
similar extent so that a conduction process may have a random character 
built in of a magnitude that is equal to the doping latitude. This would not 
represent a net gain. Only very uncritical applications would allow the use of 
devices based on this material (see further below). 
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Mott considers in detail the conductivity by hopping but does not outrule 
the influence of barriers within the material and thus tunneling effects. In 
particular the abnormal properties of selenium (dependence of ps on the 
electric field) have been explained by B. Gudden and W. Schottky,* who 
already, as early as 1935, postulated localized states and electronic transport 
across such “ barriers” by tunneling.* Cold work increases the height and 
number of such barriers within the structure, especially in selenium, and 
decreases the mobility further. The barriers formed are, in fact, of the grain- 
boundary type and represent Schottky barriers only in the sense that the 
dangling-bond-acceptor density is so high that this p*-type side of the 
barrier can be considered degenerate (see Section 11.2). Mott’s assumption 
that such barriers do not affect the minority carrier has to be corrected, as we 
know from lifetime measurements on bicrystals (see Section 11.5). We also 
know that Hall data are dependent on the direction of carrier flow within the 
space-charge pipe around the barrier-forming dangling bonds, 

As we have seen, the important charge carrier transport magnitudes, such. 
as mobility, diffusion length, lifetime of minority carriers, are very small and 
more or less undefined, and such material, therefore, is useless for the con- 
struction of semiconductor devices in the usual sense. However, one aspect 
must be considered that has given results during the last years with amorphous 
materials in electronic devices: In situations, for example, where no carrier 
transport through ordered lattice structures is needed but where only localized 
energy transitions are of the essence, one does not need macroscopic order. A 
device of this kind is, for example, a glass laser. The doping with rare earth 
elements, for instance, neodymium, means locally the same as the doping of a 
ruby monocrystal. The microscopic order in the glass rod allows the building 
in of the paramagnetic impurities and the establishment of the energy bands 
with their different relaxation times. The pumping with light that takes place 
over the entire glass rod fills the higher-energy bands of the paramagnetic 
impurity in the field of the glass atoms, and selective transitions are possible 
within the Farbry-Perot cavity. In this process, no macroscopic order is 
necessary, but only microscopic or local energy transitions. No charge carriers 
are moving, and the sum of all localized transition processes adds up to the 
total energy of the emitted light beam. Here we have a typical case of use- 
fulness of microscopic order only. Other examples for limited requirements 
with respect to macroscopic order can be found in a number of applications 
of glasses as dielectricum in condensers, in microelectronics at the place of the 
gate isolation in MOS transistors, in infrared optics, and the like. 

The use of SiO, in the field electrode of MOS transistors has caused diffi- 
culties, since this glass easily absorbs foreign ions that can move under field 


* Private communication by W. Schottky. 
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influence. For instance, sodium ions can easily move within the glass if 
outside fields are applied, and, therefore, a change in conductivity and 
dielectric constant cause a change in impedance and capacity values. From the 
beginning of the application of oxidic glasses in semiconductor technology, it 
was obvious that one had to deal with a complicated case of field-dependent 
ionic conduction. For example, the fact that a tunnel current could be drawn 
through a metal, metal-oxide, metal sandwich has been published as a principle 
for transistor synthesis.* The then existing AI-A1,0;-AlI tunnel emitters 
enabled something like transistor action if a collector electrode was used in 
conjunction with this emitter. But, the Al,O3 did not allow for reproducible 
devices. The tunnel current did not follow the expected current-voltage 
characteristics, and, in addition, irreversible changes were noticed. As in the 
case of capacitors, the applied voltage changes the capacity value, increasing 
with increased voltage and decreasing again for decreasing voltage; also the 
tunnel current shows corresponding irreversible changes. These results have 
moved into the background all work on thin oxide layers for tunnel transistor 
devices. In the meantime, the problem of the gate isolation in MOS technology 
has found some solution so that stable gate capacity values can be produced 
(application of very pure SiO, , elimination of earth alkali ions, and the use of 
Si;N,). We see that the problems of the insulator become difficult to solve 
when variable fields are applied. This is especially the case when two ortho- 
gonal fields are present in the insulator, as is generally the case in field-effect 
transistors. Solving the problem of the pure insulator seems, however, easier 
than the defined doping of an electronically active glass semiconductor with 
exactly reproducible properties if brought into electric fields. As the doping by 
a small number of earth alkali ions (about 10'? cm~? are sufficient) already 
produces nonreversible capacity-voltage characteristics, the behavior of glass 
ina current-variable switching device must be especially sensitive to impurities 
if reliable and reproducible current-voltage characteristics are desired, 

A. D. Pearson and collaborators‘ indicated in 1962 that a nonoxidic glass, 
As-Te-I, can be used in a switching device. The characteristics of such a 
device are given in Figure 15.2. When initially the voltage across the layer 
is increased, high resistance is measured (branch 1) up to a voltage point V,. 
Here the increased field causes a drastic change within the glass (2) and switches 
the material into the high conducting state (in less than 1 sec) to branch (3). 
Upon regression to the voltage zero point, the process is repeated in a mirror- 
like shape. If, however, the current at some point on branch (3) is increased, 
its value drops back to the high resistance branch (1). The material maintains 
its initial state on under critical voltage swing and, therefore, displays memory. 
Aside from a number of other possible applications of glasscs that will be 


* Originally proposed by C. A. Mead: J. Appl. Phys., Vol. 32, No. 4 pp. 646-652, April 1961, 
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Fig. 15.2. /-V characteristics of glass switch. 


mentioned shortly, this effect has attracted much attention, especially since 
1963, when S. R. Ovshinsky applied for a patent® based on this effect, in 
which he protected a number of device applications for semiconducting 
glasses. Some of the patented configurations are shown in Figure 15.3. M 
designates the metal electrodes that may be arranged concentrically or later- 
ally (Figure 15.3 (a) and (b)). 

One can also generate the active layer at the surface of the glass only and 
use the remainder of the glass layer as a conductor. This leads to arrange- 
ments as shown in Figure 15.3¢ tof. The layers 2 and 3 respectively are each 
especially doped to show the switching effect. In (d) through (/) we also assume 
that one or two additional electrodes influence the active layer in order to 
bring about a voltage-dependent avalanche. In this case, one may change the 
necessary saturation voltage by the additional voltage on the side electrodes 


Dislocations and Channel-Conduction in Amorphous Semiconductors 517 


Fig. 15.3 Several different forms of semiconductor glass switches, some with active 
layers (2, 3) different from conducting layer (1). 


and also change the slope of the current voltage characteristics ((branch 2) in 
Figure 15.2) by changing the load resistance, 

There is no doubt that switching devices are of importance especially if 
resistance values can be changed for a factor of 108 and with small time con- 
stants.’ Ovshinsky has indicated quite a number of device applications and 
even talks about a new microelectronics in the watt dissipation range.? We 
must remind the reader here, however, of the fact that the transition from a 
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laboratory device to industrial production can be a major hurdle. If materials 
properties for producing a laboratory effect are not clear, production methods 
are still vague and, therefore, reproducibility, planning of device characteris- 
tics, and reliability consitute a great problem. Although it is stated that all 
material combinations are workable in the form of tellurides, selenides, 
sulfides, and oxides, mention is also made of stoichiometric combinations of 
Te, Ge, V,05, or Te + GaSb (50/60), or Te (47%) + Ge (47%) + GaAs (5%) 
+ Fe (1%), or Te (50%) + Ni (50%); Te (50%) +Si (50%); Te (50%) 
+InSb (50%). Other combinations are layers like the following: TeO— 
Al,Te3-TeO. In addition, it is indicated that two pieces of iron wire super- 
ficially oxidized and brought into contact would result in a switch. The same is 
indicated for copper and aluminum wire and the combinations: 


Te (90%) Ge (5%) Si (5%) 

Te (50%) Ge (50%) + Cs (diffusion-doped) 
Te (50°%) Ge (50°) coated with 71.87% Te 
14.05% As, 13.06% Ga, and 1% PbS 


when brought between metallic contacts. Other percentage combinations of 
arsenic, tellurium, germanium, gallium, indium-antimonide, silicon are pos- 
sible. The combination of 40 atomic % Te, 30 at % As, 12 at % Si, and 
10% Ge is frequently used.” Here we face the question of a guiding principle, 
since the multitude of combinations points to a general scheme, but on the 
other hand, reproducible electronic properties can only be expected if the 
reasons for the switching property are better known. Mackenzie” recently has 
written a survey of the field of semiconductor glasses, emphasizing the special 
importance of oxidic glasses as diclectrica. High dielectric constants yield 
high-capacity values for application in microelectronics. Certain combinations 
like 

CaO x B,O, x V,05 

CaO x BO; x TiO, 

V,0, x TeO, 


have high Seebeck coefficients and are thermoelectrically applicable. On the 
other hand, nonoxidic glasses like As,S, are very useful for infrared applica- 
tions. As-S-Se is a low temperature-melting insulator; As-Te-I, already 
mentioned, is applicable for switches. As-Se-Te is a photoconductor, and 
As-Ge-Si-Te is a material transparent to infrared but resistant to higher 
temperatures. 

New glasses with semiconductor properties are constantly being found, and 
a more recent one is the bismuth-selenium combination (Se + 3 to 30%Bi).'° 
These glass types are obviously all of a similar nature at least with respect to 
their electronic properties when brought into electric fields. In oxidic glasses 
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as well as nonoxidic glasses the charge carrier mobilities are very low, below 
1 cm/sec/V/cm. Therefore, the mentioned microscopic transport phenomena 
we know from ordered crystal structures cannot be responsible for a charge 
exchange taking place in less than a microsecond across measurable distances 
of 1,000 to 100,000 lattice constants, Mackenzie describes charge transfer 
within the oxide chain in the following manner: 


Fe?+—O—Fe3+ * Fe?+—O—Fe?+ 
vét+—o-ys+ =, yst#_ yet 


The moving charge in the microscopic-order range leads to a changed 
polarization of the oxide chains, which, in turn, cause acharge transfer in the 
neighboring chain, and so on. The oxides, sulfides, and halides of the transition 
metals like vanadium, titanium, chromium, and manganese have been dis- 
cussed earlier with respect to their electronic conduction properties, since they 
show insulator as well as metal character. F. J. Morin! has looked into the 
correlation between electrical conduction and wave function overlap for the 
d—p electrons in the hydrogenic approximation of these materials, It can be 
shown that a compound changes from insulator to metallic character for 
increased value of the overlap integral. It is natural, therefore, that semicon- 
ductor properties can also be assumed. However, it is not so much the semi- 
conductor property that is realized in a switching application, but more an 
insulator breakdown, since the mobilities in all these materials are very small 
(Morin indicates values below 107? cm/sec/V/cm). To understand this beha- 
vior we can go back to the above-mentioned possibility of a hopping charge 
transfer. It is known, for instance, from research done on diamond that a 
wide range for the specific resistivity can be measured from undoped pure 
diamond, with values in excess of 10'* ohm cm, down to values of 107? ohm 
cm for heavily doped diamond. 

Wilson’? shows that activation energies measured on differently doped 
diamond crystals are best explained by a hopping process in which electronic 
exchange between impurity centers occurs. This model of Mott’s' can be used 
in modified form for the explanation of the effects in glasses under assumption, 
of the charge exchange principle in the microscopic ordered state or within 
the individual chains. In all cases the externally applied electric field seems to 
induce an “alignment” of originally, Statistically distributed metal oxide 
chains. As shown in Figure 15.4a, the compound chain V4+-O-v3+ may 
originally be in a statistical distribution. In the field (Figure 15.46) the sequ- 
ence of the chain arrangement is influenced so that the electron flow within 
the individual chains can proceed in the direction of the field. On change or 
polarization the oxidic chains must be reversed in their order to bring about 
the necessary charge distribution before the critical voltage point-V, (see 
Figure 15.2) is reached, at which point the system enters into the highly 
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Fig. 15.4 Proposed scheme of charge transfer through 
glass due to field ordering.* 


conducting state (-/). If, additionally, ions are present in the glass, they can 
contribute to the current. This contribution, however, is not a desired one and 
would constitute a loss current as expressed by the slope of lines | and 6 in 
Figure 15.2. Foreign atoms of stronger lattice binding—for instance, calcium 
—may, however, block mobile ions and, therefore, essentially help give pre- 
dominance to a directed charge exchange. 


* Sce also: H. F. Mataré, Semiconductor glasses; Solid State Technology pp. 43-46, Jan. 
1969, 
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As glass switches are produced where SiO, matrices doped with metal com- 
binations are specifically active and show improved reproducibility, the 
number of conferences and publications has increased remarkably during the 
last years. It seems that the hopping theory as well as the field ordering may 
have to be invoked in order to explain the results. Mott feels that the activa- 
tion energy for hopping is likely to be mainly that for polaron formation in 
the ion atmosphere of the glass and that impurity band conduction may not 
be involved in cases like vanadium oxide (V20s). 

In more recent work, a number of facts have been elaborated that leave 
room for different theories, The nonoxidic glass combinations of the chalco- 
genide type have found predominant interest in the Joffe Institute in Leningrad 
for many years. B. Kolomijets'? emphasizes the electronic and not ionic 
conduction mechanism in such materials as: 


As-S Ge-S S-Se two-component 
As-Se Ge-Se Se-Te { systems 


and 


Cu-As-Se Zn-As-Se In-As-Se 
Cu-As-S Zn-As-S In-As-S 

Cu-As-Se Cd-As-Se — Ga-As-Se 
Au-As-S Cd-As-S Ga-As-S 
Au-As-Se Hg-As-Se_ — TI-As-Se 


Au-Ss-S Hg-As-S TI-As-S 
Ge-As-Se Si-Se-Sb P-As-Se | three- 
Ge-As-S Si-S-Sb As-Sb-S component 


Ge-Sb-S Ge-Se-Sb As-Sb-Se systems 
Ge-As-Te Si-Te-As As-S-Te 

Ga-P-Te Ge-Se-P As-Se-Bi 

Ge-Se-Te Ge-S-P 


Si-P-Te As-S-J 
S-Se-Te As-S-Br 
As-S-Cl 


In the italicized cases stabler compounds are feasible and in the case of SiO 
a coevaporation of either Te or Se with Sb and As should reveal low switching 
threshold voltages. 

The mixed materials in which oxidic and nonoxidic glasses combine have 
also been studied by the Leningrad school, Figure 15.5 shows a few combina- 
tions where the shaded regions within the stoichiometric triangle are stabler 
ratios. 

From the point of view of device potential, the switching phenomenon and 
the memory effect deserve attention, and their understanding may lead to the 
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GeSe, Sb,05 
Glass 
Sb,S, Pbo 
As,Tey 
AsSe, Sb,0, 


Fig. 15.5 Stoichiometric ratios of chalcogenide and oxidic glasses. Shaded areas 
are stable compounds. (Kolomijets) 


ultimate clarification of the process involved in amorphous conduction. The 
channel phenomenon has been studied in more detail recently. A. D. Pearson 
et. al.'* described how a small channel or filament of about | to 10 in 
diameter grows into the glass of the As,SeTe, type. Microphotos show clearly 
that the breakdown cycles cause darkened areas in which a high-conductance 
channel has formed. These switches were made by evaporation of small glass 
disks and evaporation of contacts to them. It was even observed that on 
reaching the high-current mode (5,000 A cm~?), a liquid phase of the material 
around the central dark channel is in a pivoting movement because of heat 
circulation. S. Ovshinsky would call the heat generated channel and its 
electrical effects an “‘artefact,”"* because only an electronic change can give a 
reliable, reproducible device. This is basically true, but if one states “ where no 
structural changes occur, the process is an electronic one,” the situation is 
oversimplified. In effect, electronic processes can also cause structural changes. 
H. J. Stocker!® has clearly demonstrated how a Ge,2As,Tegq glass and 30 
different compositions of the form Si,Ge,As,Tey (a+b + ¢ +d = 100 per 
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cent) form molten channels when subjected to critical fields while operating 
as a switch 

He shows an important aspect of this channel, namely, that the active 
region is surrounded by a potential well. The entire voltage drop across a 
sample, with a channel running orthogonal to the applied voltage, is across 
the small region in which the switching occurs. In other words, the high- 
conductivity path is surrounded by a region of higher resistance than the 
bulk. This reminds us of the preferred conduction in a grain boundary or a 
dislocation array where the row of overlapping bonds has caused a space 
charge to be set up with respect to the bulk, the space-charge cylinder. This 
similarity is discussed in more detail further on. The central question is: Are 
there channels other than those formed by thermally induced phase transi- 
tions? If so, can the memory effect (lasting changes) be clearly separated from 
the switching phenomenon? C. N. Berglund!” shows the existence of thermal 
filaments in thin VO, films and develops a theory for the spatial variation of 
its temperature, its current-voltage behavior, and its lateral motion under 
static electric bias. 

Clear indication of “burnt-in” spots or filaments is also found by T. W. 
Hickmott.'® Here electroluminescence and switching in Nb-Nb,O,-Au 
diodes are correlated. 

As it stands after the latest summary reports and meetings on amorphous 
semiconductors (see Physics Today, August 1969 and October 1969), it is at 
the time of this writing still a puzzling fact that an induced channel can be 
formed with such rapidity (~10~'® sec) and can form a current path for such 
densities as 5,000 to 100,000 A/cm?. It is perhaps less astonishing that a 
channel once formed can have a lasting effect (memory) until it is “ burnt.” 

That, for example, the amorphous mixture of 55 per cent As, 35 per cent Te 
and 10 per cent Ge changed to a germanium-free As,Te; channel structure 
after application of V,, points to an interesting fact. A V-VI compound like 
As,Te; would scarcely form a material of high conductance if it were not for 
the fact that not all tellurium bonds are saturated and that the chain of As-Te 
atoms presents a semiordered structure, establishing a quasi-long-range order 
within the amorphous matrix. This quasi-long-range order is understood in 
the sense postulated earlier that a bond rotation accounts for a sufficient 
number of free bonds to form a channel. Such bonds would have an arrange- 
ment as is known from silicon grain boundaries, which have either a strong 
barrier (free bond case) or are almost imperceptable electrically (saturated 
twin case). J. Kohn!? has already associated broken-bond adjustment and 
twinned interfaces for different crystal orientations. In Figure 4.11, we have 
shown the case of the {221} ~ {221} second-order joint in silicon. A rotation 
for 38°57’ of individual A about the normal to the figure, [110], results in a 
twin boundary (zigzag line). A back rotation for 38°57’ liberates bonds d and 
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eventually also opens the bonds at b. Such rotations can be in the energy range 
well below 1 eV, and therefore a field of 10° V/cm is sufficient to effect such 
changes. 

Once the free bonds are established, we have the high-conductance situation 
known from grain boundaries, especially in III-V compounds (see Figure 
11.16). 

Mott has recently discussed the switching phenomenon from the point of 
view of the density gap model (see Figure 15.1). Under the assumption that 
Schottky barriers form at the metal-contact-glass interfaces when the high- 
current state is set up, a high-field region at the contacts is postulated, It is 
furthermore postulated that the barrier is thin and that electrons and holes can 
tunnel through the barriers. 

It is somewhat strange to postulate “‘high-fields”’ at the electrodes in the 
low-field-high-current mode for the filament. 

If we assume, however, that the high-current mode is initiated by bond 
rotation (bonds are set free), the pseudogap in the state density for a parti- 
cular energy is filled by overlapping wave functions of the broken bonds, and 
grain-boundary conduction of the degenerate type sets in. 

It is of minor importance if such bond rotation is induced by field influence 
at the contact area or within the molecular gaps. It is concluded, however, 
from experiments that the channel within the glass structure forms first on the 
positive electrode and grows from here out to the cathode. Mott invokes 
slightly overlapping wave functions, as is known from strongly doped and 
compensated semiconductors. 

Thus Figure 15.6a would lead to Figure 15.6b as the state density near 
energy E, increases, It is quite probable that the electrodes to the glass form 
Schottky barriers, especially as the critical voltage is reached and the number 
of trapped electrons near the positive metal contact (Figure 15.6c) increases 
until a channel is formed. It is thought, however, that the bond rotation and 
the creation of the dangling bonds facilitate the carrier motion from the 
contact area into the amorphous structure so that under the combined 
influence of external field and the increase in N(E), a highly conducting 
channel forms. 

It is most revealing for an exact theory to study the conductance of once- 
formed channels at liquid helium temperatures. As is known from earlier 
work on grain boundaries (see Chapter 11), these channels are so degenerate 
that the specific resistivity does not change at low temperatures. The occur- 
rence of the switching effect in Nb,0; combined with an Esaki diode kind of 
inflection for low-work-function metal contacts points to a tunnel effect at 
the metal-glass barrier.'® 

We believe, however, that once the channel is formed, a quasi-long-range 
order through bond overlap is established. This model has great similarity to 
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Fig, 15.6 State density versus energy 


the grain-boundary model. The characteristics of an n-p*-n structure where 
the grain boundary establishes the p layer also shows a switching behavior 
(see Figure 15.7). This was found by Hamakawa et al.2° and had been 
measured earlier by Taylor et al.?4 The breakdown through the space-charge 
cylinder is similar to the glass breakdown. 

Stocker’s model of the low-resistance path surrounded by higher-resistivity 
material is quite similar to the model for a grain boundary, as described in 
detail in Chapter 11. 

Here we have a well-studied analogon to the channel conduction that allows 
us somehow to reconcile Mott's suggested conduction in glasses and the 
structure of a grain boundary that is based on the overlapping wave functions 
of the broken bonds. 
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Fig. 15.7. Grain boundary characteristics; saturation range 
and punch-through!?° Lower scale refers to saturation 
range, upper scale to breakdown. 


At this point, the question arises how a channel a few microns long and 
about 50 y in diameter can support the currents in question. Not in all cases 
have current densities reached values so high as 10° A cm~*. Ovshinsky 
claims 10? A cm™? at one point. But even such densities are difficult to 
support by ordinary materials without strong heating effects. A major effect 
that can explain high current densities is the dangling-bond wave-function 
overlap and the near-zero activation energy or complete degeneracy. As we 
have seen, the degenerate conduction is especially pronounced in I1I-V com- 
pounds, like InSb. 

If the conducting channel is formed by metal oxides in which bonds are 
rotated or set free because of a critical field so that carriers can move in a 
degenerate path along the line of broken bonds, but within a space-charge 
layer, the critical filament thickness is actually 100 times greater than the 
thickness of the path of broken bonds (see grain-boundary model). 

This theory may be tested by the field effect. A field applied perpendicularly 
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to the current path should result in changes of the current through the 
filament (see Section 11.6). 

The field influence establishes the actual channel width and its blocking 
layer toward the bulk. This structure also forms a three-terminal device. 

Measurements of the resistivity variation with temperature and the change 
in dielectric constant (capacity) of Te4gA83Si,2Ge,9 compounds have been 
carried out that show that in the near-room-temperature range strong phase 
changes take place as they are known to exist in BaTiO, or KH,PO, (see 
Figure 15.8). This points to an easy molecular reorientation of this com- 
pound. Other switching materials, like SiO, with metal additions, seem to be 
much less sensitive in this respect and promise to be less prone to thermal 
decomposition. 
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Fig. 15.8 Result of measurements of resistivity and capacity versus temperature 
for the TessAszoSiz2Gero-glass.* 


Important findings with respect to the capacity variation at switching and 
with respect to the influence of the frequency of the signal voltage have been 
published recently. R. Vogel has shown?? that negative capacity values are 
combined with the switching phenomenon. An original capacity of, for exam- 
ple, 2 pF, before channel formation, decreases rapidly at the threshold voltage 
and is turning into —3 to —4 pF after breakdown. 


* See H. F. Mataré: Zur Frage der Glasschalter, Internat. Elektron. RUNDSCHAU, 
Vol. 24 No. 7, pp. 171-176, Berlin 1970, 
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The conclusion of Vogel that no inductive behavior is involved is due to the 
fact that he measured the variation of the impedance between 15 MHz and 
100 kHz only. It is correct that according to 

1 
OM Tat 
the capacity should vary with frequency. However, this is an appreciable effect 
only in the range of the resonance frequency w. 

The capacity lies in the range measured by Vogel according to estimates 
based on switching path thickness ~ 1.2 4 and nominal circular area: 3 - 107° 
cm?: 


2 = 0.310 0.5 pF, 
TE e P 


depending on the value of the dielectric constant, here assumed equal to 16. 
When a channel of high conductivity forms, the current density increases 
enormously and the current path represents an inductive impedance of the 
value 

2 

L=——— : 10-8 henry. 


For our values of 
r= 1075 cm?, 
1=1.2-107* cm, 
we have then 
L=3- 107° henry = 3vH. 


For such a structure the resonance frequency lies at 


or 


JS =2 GHz, 


well beyond the range of the measurements by Vogel. An impendance change 
from capacitive to inductive for increasing bias in the foward and also in 
the reverse direction near breakdown is well known from measurements on 
point contact diodes.?* 

The sensitivity of the switch characteristic to the frequency of the switching 
signal is known from measurements by Holstrom,?4 

Figure 15.9 shows the effect of the frequency. As the signal frequency 
increases from 0.5 to 5 MHz, the threshold voltage decreases from beyond 10 


Dislocations and Channel-Conduction in Amorphous Semiconductors 529 


T T ] T T T ] T 


Vz volts 


Fig. 15.9 Variation of switching threshold voltage with frequency of reset 
signal. 


to below 4V, and the negative portion of the characteristic becomes steeper. 

This behavior can be understood based on the frequency dependence of the 
conductivity of the transition metal oxides studied by A. P. Schmid.?¢ 
Schmid has shown that the conductivity, for example, of V205-P20s glass 
has two separable branches of the conductivity versus 1/7 curve (see Figure 
15.10). 

One branch has strong temperature dependence and is independent of 
frequency. This is the limiting curve measured for low frequency (0.1 Hz), 
The other branch has activation energy zero and is therefore dominant at low 
temperature but is strongly dependent on the frequency. In effect the con- 
ductivity increases with frequency increase. It can be shown also that these 
two branches and the general behavior as described by Figure 15.10 can be 
derived from the Polaron theory. Assuming a small Polaron formed from the 
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Fig. 15.10 Conductivity as a function of inverse temperature, Parameter is frequency 
of the conduction current. Model based on sum of hopping and tunneling conduc- 
tivities. (A.P. Schmid)** 


moving electron and the lattice distortion it carries, one can derive expressions 
for a frequency-dependent conductivity 


o(f,T) 
and a frequency-independent part 


o,(T). 


The sum of these has the form shown in Figure 15.10.7° 

At temperatures below about half the Debye temperature, the dominant 
conduction mechanism is that of a charge transfer with conservation of lattice 
energy. At low enough temperatures, the charge transfer is that of tunneling 
between equivalent sites, and for higher temperatures the dominant conduc- 
tion mechanism is “ phonon-assisted hopping.” 

This latter process is the one assumed by Cohen et al.?? The mobility gap, 
which is coincident with the density gap in Figure 15.6a, is activated by such a 
hopping process initiated by a tunneling current at the electrodes. Filling of 
the traps by such charges then converts the scheme in Figure 15.6a into 
Figure 15.6b. Using tunnel contacts toamorphous germanium (Al-Al,03-Ge), 
Osmun and Fritzsche?® have shown that the conductivity is symmetric 
with polarization. Mott concluded from measurements of the decreased 
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activation energy of the resistance with decreasing temperature that a higher- 
state density is found near the valence-band edge. Osmun and Fritzsche 
point out, however, that the tunnel effect is concentrated only within a 
small surface layer and therefore is not representative of the bulk crystal 
properties. 

It is well known that the high-current path originates at the positive elec- 
trode and propagates to the cathode. A number of tests under pulsed opera- 
tion have been made by Haberland2? showing that: 


1. A certain minimum pulse length or duration is needed to switch the 
material into the low resistance (on) state. 

2. The pulse height (voltage) defines the delay time for the material to 
switch into the “on state.” This time is shorter for higher-pulse voltage. 

3. The delay time for switching is dependent on the history of the material 
and decreases for repeated switching (memory effect). 

4. The delay time for switching increases with temperature. 

5. An increase in pulse repetition rate (frequency) decreases the switching 
time (high-conductance mode.) 


Haberland concludes that these conditions are typical of a process governed 
by a charge density built up, and he Proposes to use fi i, dt as a parameter for 
the switch (z = pulse time, i, = pulse current). In fact the forming channel 
is based on electrons filling the traps in the state density gap. The linear 
discharge process, working against the charge accumulation, is the usual 
dissipation of charges in the glass as a conductor, which increases with the 
temperature. 

In summary, the behavior of the glass switch is of a somewhat statistical 
nature, since individual states have to be filled in material with only short- 
ange order. The long-range effect is an abrupt lowering of the resistance 
because of trap filling and wave function overlap, with subsequent heating. 
But since the channel is not exactly formed and reformed at the same points, 
a statistical variation of threshold and current values ensues. 

It has been found that glass switches induce a high amount of Fourier 
components during the low-impedance cycle. It has also been found that an 
appropriate impedance or merely a shielding of the device can improve 
switching reproducibility. 

Here is an important area for further studies. It may well be that because of 
its nature, a glass switch does not allow for exactly reproducible threshold 
voltage and reset currents but that appropriate application within a resonant 
structure or within a redundant circuitry can yield reproducible results. Gas- 
discharge tubes or spark gaps are also microscopically undefined but can still 
be used in appropriate applications as reliable devices. 
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APPENDIX 


Derivation of Field Dependence of Dipole Ordering 


For a system of dipoles within a neutral lattice matrix, a field calculation 
can be carried out when the crystal structure is known. In general terms, the 
potential energy of a dipole of strength po in an electric field £ is 


U=—poEcosa, (1) 
where « = angle between dipole axis and field. 


In a random situation of mp dipoles in a field, the polarization of a substance 
arising from orientation polarisability is 


Po = No Po COS &, (2) 


where cos « = mean value for all dipoles in field. 
By thermal motion, this mean value is given by the Langevin function L(X): 


cosa = L(x) = cot x— +, ©) 
in which 
= PoE 
x= (4) 


where kT = Boltzmann factor. 

As an estimate, if pp = 107'® cgs. units in a field of 
E=18- 10° V/cm = 60 cgs/cm, 
PoE =6-107'7 erg. 


But the mean thermal energy of a molecule at 300°K is } kT ~ 6 - 10~'* erg, 
or according to (4), x + 107°. 
If x < 1, L(x) can be approximated: 


L(x) ¥ 3 (5) 
This into (2) gives 
') POE 
Por = 3kT 


the orientation polarization in a field £ as a function of temperature. 
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Depending on structure and the relative freedom of dipole rotation, the 
dielectric constant of cyrstals changes with temperature, sometimes in 
abrupt steps because of reorientation (see, for example, HS in solid form 
below 200°K). 

That is why measurements of e(7) are very informative as to the character 
of dipole reorientation and dipole Strength within a crystal. (See Fig. 15.8). 

In a matrix of glass, the insulator character can be changed drastically by a 
field-induced reorientation of individual metal oxide chains or ions within the 
neutral structure. A long-range conduction can be established if a simulta- 
neous rotation of dipole molecules affects a continuous charge exchange across 
the entire crystal length. This is the reason why ordinary glass begins to 
conduct when subjected to high fields and moderate temperatures (“‘ welding” 
of glass at 200° to 500°C, but at fields of 3,000 to 7,000 V/cm)*. 


Field Strength of a System of Point Dipoles 

In the general analysis of the effects, it is important to assess the field of a 
system of dipoles. 

Consider the dipole length small, compared with their mutual distance 
(point dipoles). Then we can derive the field on account of all interesting dipole 
moments by two radius vectors: the dipole-position vectors r; and the dipole- 
strength vectors p, (j= 1, 2, 3,..., N= number of dipoles). At a point & in 
space, the field of all dipoles is then 


“ 
En) = Ee) 1) 


 3R AP Ms) — Pytey 
= . T. 
Bi ty M 


jaitys (8) 


7 


= 
Ina real crystal, the structural dipole arrangement gives a definite expression 
for the right-hand side of this equation. For example, if a unit cell contains 
only one dipole and the dipole moment is defined by the unit vector 1, the 
sum (7) can be expressed by the structural sum of the lattice: 


3(Rinn — Px)(1* Rin — 4) — Ly Rin ~ 74)? 
BlR,- i) = pS(th)= py ym aN aT s(Rire — 1) 


The components of S along the coordinate axis (Sz, S,, S,) are the structural 
coefficients. 


Rin = [x + my + nz = operator for parallel vector translation 


* See, for example, G. Wallis and D. I. Pomerantz, Field Assisted Glass-Metal sealing, 
J. Appl. Phys., vol. 40, no. 10, pp. 3946-3949, September, 1969. 
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With these, the field in any direction of polarization is known. For example, 
for a cubic crystal 


Si", yz) = yi [S2°%Cx, yy 2) + S21%(x, y, 20]. 
Since the structural coefficients of the cubic dipole lattice and other lattices are 
known, numerical values of E(r,) can be found when the lattice type and the 
dipole arrangements are known, 

In the glass switch, the hopping process is enhanced by a field ordering of 
the dipoles. It is important, therefore, to measure structural parameters 
related to the dipole lattice in order to find the field necessary for dipole 
rotation. It is hoped that some model material can be found that allows 
comparison of this dipole field with the switching field. 


REFERENCES 


1, Mott, N. F.: Electrons in Disordered Structures, Advances in Physics (British), 
vol. 16, pp. 49-144, 1967. 

2, Tauc, J., et al.: Optical Properties and Electronic Structure of Amorphous 
Germanium, Physica Status Solidi, vol. 15, p. 627, 1966. 

Tauc, J.: Electronic Properties of Amorphous Materials, Science, vol. 158, 
pp. 1543-1548, December 22, 1967. 

3. Gubanov, A.: “Quantum Theory of Amorphous Semiconductors,” Consult- 
ants Bureau, New York, 1965. 

4. Gudden, B., and W. Schottky: Ionic and Electronic Conduction in Non- 
metallic Solids, Zschr. f. Techn. Phys., vol. 11, pp. 323ff, 1935. 

5, Pearson, A. D., W. R. Northover, J. F. Dewald, and W. F. Peck, Jr.: Chemical 
Physics and Electrical Properties of Some Unusual Inorganic Glasses, 
“Advances in Glass Technology,”’ Plenum, New York, p. 357, 1962. 

6. Ovshinsky, S. R.: U. S, Patent 3,271,591 (Symmetrical Current Controlling 
Device), September 6, 1966. 

7. Ovshinsky, S. R.: Reversible Electrical Switching Phenomena in Disordered 
Structures, Phys. Rev. Letters, vol. 21, no. 20, pp. 1450-1453, November 11, 
1968, 

8. Sideris, G.: Transistors Face an Invisible Foe, Electronics, pp. 191-195, 
September 19, 1966. 

9. Mackenzie, J. D.: Looking through Glasses for New Active Components, 
Electronics, pp. 129-136, September 19, 1966. 

10. Schottmiller, J. S., et al.: New Vitreous Semiconductors, /. Appl. Phys., 
vol, 39, no. 3, pp. 1663-1669, February 15, 1968. 

11. Morin, F. J.: Halides, Oxides and Sulfides of the Transition Metals, J. Appl. 
Phys., suppl. vol. 32, no, 10, pp. 2195-2197, October, 1961, 

12, Wilson, W. B.: Evidence for Hopping Transport in Boron-doped Diamond, 
Phys. Rev., vol. 127, no. 5, pp. 1549-1550, September 1, 1962. 


26. 


27. 


28. 


29, 


Dislocations and Channel-Conduction in Amorphous Semiconductors. 535 


- Kolomijets, B.: Glassy Semiconductors, Ideen des Exakten Wissens, no. 8, 


pp. 505-511, 1969, 


. Pearson, A. D., and C. E. Miller: Filamentary Conduction in Semiconductor 


Glass Diodes, Appl. Phys. Letters, vol, 14, no. 9, pp. 280-282, May 1, 1969, 


. Ovshinsky, S. R.: Amorphous Semiconductors, Science Journal (British), 


pp. 73-78, August, 1969. 


. Stocker, H. J.: Bulk and Thin Film Switching and Memory Effects in Semi- 


conducting Chalcogenide Glasses, Appl. Phys. Letters, vol. 15, no, 2, pp. 55-57, 
July 15, 1969, 


. Berglund, C. N.: Thermal Filaments in Vanadium Dioxide, JEEE Transac- 


tions on Electron Devices, vol. ED-16, no. 5, pp. 432-437, May, 1969. 


. Hickmott, T, W.: Electroluminescence, Bistable Switching and Dielectric 


Breakdown of Nb2O5-Diodes, The Journal of Vacuum Science and Technology, 
vol. 6, no. 5, pp. 828-833, September-October, 1969, 


. Mott, N. F.: Conduction and Switching in Non-crystalline Materials, Con- 


temp. Physics, vol. 10, no. 2, pp. 125-138, 1969, 

Hamakawa, Y., and J. Yamaguchi: Electrical Conduction in Germanium 
Grain Boundary Plane, Jap. Journal of Appl. Phys., vol. 1, no. 6, pp. 334-342, 
December, 1962. 


. Taylor, W. F., N. H. Odell, and H. Y. Fan: Grain Boundary Barriers in 


Germanium, Phys. Rev., vol. 88, pp. 867-875, 1952. 


. Vogel, R.: Negative Capacitance in Amorphous Semiconductor Chalcogenide 


Thin Films, Appl. Phys. Letters, vol. 14, no. 7, pp. 216-218, April 1, 1969. 


- Holstrom, R.: Switching and Conduction Behavior of Amorphous Semi- 


conductor Diodes, Proc. IEEE, vol. 57, no. 8, pp. 1451-1453, August, 1969. 


- Mataré, H. F.: “Receiver Problems in the Ultrahigh Frequency Range,” 


Oldenbourg, Miinchen, pp. 151ff, 1951. 


. Bruyere, J. C., and B. K. Chakraverty: Switching and Negative Resistance in 


Thin Films of Nickel-Oxide, Appl. Phys. Letters, vol. 16, no. 1. pp. 40-43, 
January 1, 1970. 

Schmid, A. P.: Small Polarons as a Source of the Frequency-dependent Con- 
ductivity in Glasses Containing Transition Metal Oxides, J. Appl. Phys., 
vol. 40, pp. 4128-4136, September, 1969, 

Cohen, M. H., H. Fritzsche, and S. R. Ovshinsky: Simple Band Model for 
Amorphous Semiconducting Alloys, Phys, Rev, Letters, vol. 22, p. 1065, 
1969. 

Osmun, J. W., and H. Fritzsche: Electron Tunneling into Amorphous Ger- 
manium, Appl. Phys. Letters, pp. 87-89, February 1, 1970. 

Haberland, D. R.: Ladungsbedingter Schaltmechanismus in Glashalbleitern, 
Solid State Electronics, vol. 13, pp. 207-217, February, 1970, 


Chapter 16 Conclusions 


Starting with the classical carrier transport in periodic structures, we have 
introduced the influence of defects on the electronic properties of crystals. In 
a gradual approach to the problem of the deformed lattice, the free bond and 
the array of dangling bonds as the most important lattice disturbances are 
dealt with, but other imperfections of a lesser influence are only mentioned. 

After a short review of continuum theory and the generation of dislocations 
by nucleons and also their influence on electronic properties under radiation, 
the main topic of the book is introduced: the electrical properties of dislo- 
cations. 

In dealing with the different kinds of dislocations, a number of methods 
are introduced that help in understanding the following chapters, where a 
transition from the individual dislocation to the array is made. 

Under the heading “Anisotropy of Charge Carrier Transport,” we have 
tried to summarize the various effects of dislocations on the important trans- 
port parameters. This opens the way for a description of the electronic proper- 
ties of grain boundaries, the most important large-area disturbance in 
crystals. 

From here, there is a straight development to the intentional growth of 
these interesting structures and to applying them in devices. 

Finally, the knowledge gained can be applied to assess the effect of disloca- 
tions on devices and special materials combinations for devices. 

At the time of writing, the field of amorphous semiconductors or dis- 
ordered structures had gained such importance that it was felt necessary to 
add Chapter 15 on the channel conduction or the switching phenomenon in 
amorphous semiconductors. 

Without going deeply into the problems of the phenomenon itself, it 
seemed necessary in this context to describe recent experimental facts in the 
light of the insight gained by the study of dislocations. 
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While Chapter 2 introduces the basic point defects of the Seitz list, we have 
not dealt with the numerous complex point defects to limit the text and con- 
centrate on the most important defect-electronics for the semiconductor device 
physicist and engineer. 

As we have already mentioned, many complex forms of defects are known 
from the work on radiation damage. It was felt, however, that the status in 
this field is still too undefined to be included in extenso. 

When electronic features of a particular defect are analyzed, there is still 
considerable discussion as to the effects of the impurities present in the crystal. 
There is no understanding as yet, how certain defects associate with im- 
purities under the impact of nuclear radiation. Recovery processes, especially, 
can be quite complex as the introduction of such steps as “ diffusion controlled 
recovery of correlated pairs”’* shows. 

Recovery is a function of defect concentration and also an independent 
function of the trap concentration. However, how certain defects migrate and 
separate from their correlated “‘ pair companion” is unknown. 

Long distance vacancy migration in silicon and germanium takes place even 
at low temperatures. As electron paramagnetic resonance studies have shown, 
interstitials can move at 4°K such that multiple interactions with complex 
results regarding the electronic states are the consequence, even at low tem- 
peratures. 

The concept of the divacancy has been invoked to explain certain features 
of defect level formation and the “‘divacancy locked to a defect”? was in- 
troduced on account of EPR studies. The electronic structure of a vacancy 
in the diamond lattice is already a complex problem for a perfect crystal 
environment? and presents formidable complexity in real crystals. All results, 
on even the purest silicon crystals grown by a floating zone technique (oxygen 
free), suffer from uncertainty with respect to the role of the ever present carbon. 
In its original state a vacancy in silicon is an acceptor (negative core charge) 
when embedded in n-type material and a donor (positively charged) in p-type 
environment.® This corresponds to our simple model of the role of broken 
bonds. However, any detail concerning the impurity defect associations is a 
complex new project. 

This field is a stimulating research area for the semiconductor physicist and 
is also a rewarding field of endeavor due to the important practical implica- 
tions. All modern research methods from optical absorption studies to EPR 
measurements are useful tools in defining the processes so important for the 
understanding of the electronic features of damaged materials.* 

We have mentioned a number of research topics concerned with the study of 
line defects and planar defects in the introduction. It goes without mention- 
ing that beyond this there is a wealth of further questions related to 
thermoelectric effects and quantum-electronic effects that are worth pursuing. 


538 Conclusions 


REFERENCES 


1. R.C, Fletcher and W. L. Brown: Phys. Rev. 92, 585 1953, 

2. Lannoo, M., G. Leman and J. Friedel in “ Radiation Effects in Semiconductors,” 
F. L. Vook, ed., Plenum 1968. 

3. Watkins, G. D., “Radiation Damage in Semiconductors,” Dunod, Paris, 
p. 97, 1965, 

4, For a review of these questions see: “Radiation Effects in Semiconductors,” 
F, L. Vook, ed., Plenum 1968. 


Appendix Measurements of Electronic Properties 
of Semiconductor Crystals and Films 


INTRODUCTION 


The determination of semiconductor materials properties has developed from 
simple resistivity and Hall effect measurements and their temperature de- 
pendence, to sophisticated measurements of magnetoresistance changes and 
cyclotron resonance studies at microwave frequencies. The latter methods 
have lead to direct measurements of the band structure and effective mass 
values. But while the elaborate methods are applicable mostly in cases of 
complete structural perfection, the simple methods are still of great importance 
for the determination of basic properties of not so perfect crystal material as 
is encountered especially when we work with III-V or other compound 
crystals and, above all, when materials in thin-film form are under scrutiny, 

Hall effect studies and generally mobility measurements can give an indica- 
tion of the purity and perfection of materials and of the important collision 
and scattering processes so decisive for all carrier transport problems in 
devices. 

As such problems have been referred to frequently in this text this review is 
intended to put together the basic methods known today for materials evalua- 
tion. Emphasis is placed on the four fundamental magnitudes (p, Ap/Ax, p, 2), 
and in all cases the extension of the bulk methods to measurements on thin 
films (thick films, epitaxial films, or layers, etc.) is considered in extenso. 


I RESISTIVITY 


A. Resistivity Measurements (General) 
Two very important magnitudes relating to carrier transport in solids are 
resistivity and mobility, The conductivity of a crystal is given by 
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1 
ona =n LL 
5 et (1) 


where p = resistivity, 
e = electronic charge, 
n = carrier density, 


if only one type of carrier (mobility 1) is present. Equation (I.1) shows that 
resistivity and mobility define each other if the carrier density is known. 
Here n is the density of the untrapped excess carriers and : the microscopic 
mobility. In most cases, however, the carrier density is not exactly known, and 
independent measurements of o(p) and y are necessary. 

We first describe resistivity measurements using various methods and then 
homogeneity and lifetime measurements and thereafter mobility measure- 
ments. 

In a very general sense the current through a piece of material, like a semi- 
conductor crystal, can be defined in terms of the electronic distribution 
function 

S(X, Y, Z, Vy, Vy, Vz)Ox Oy Oz Gv, dv, dv, 

in three coordinates x, y, z with their local carrier velocity vectors v,, vy, 0, if 
a stationary distribution (¢ = 0) is considered and if the charge carriers are 
comprised in the volume elements x + dx, y + dy, z + dz with the respective 
velocity changes v, + dv,, v, + dv,, v, + dv. If no detailed carrier motion is 
considered, but only the i versus V relation at the contacts is considered, one 
may write the current in the direction chosen, for example, y, as the triple 
integral: 

ize ff dy f(Uys Vy, 2,) Oty Ov, Bv,. (1.2) 


In a steady-state condition, v, is considered constant, and the integral of the 
distribution function represents n, the total number of charge carriers: 


i=ev, fffs + dv, Ov, Gv, = ev, > n. (1.3) 


The velocity is a function of the local field strength @V/@y in volts per centi- 
meter, and the mobility is the proportionality factor: 


i=enj * , (1.4) 


i= enjE, 5) 
where ji = mean mobility value. 


Eis now the resultant field across the sample. As seen in Figure AI.1, a local 
inhomogeneity in the sample, like a lineage boundary, might completely 


i 


Fig. AL1 Model of current flow in semicon 


ductor crystal with anisotropiccarrier 
flow. 


change the carrier flow lines. Macrosco, 


pic conductance of the sample, how- 
ever, is still given by 


i 
a g + neji, (1.6) 


where Q =cross section of sample, 
L = length of sample. 


neji represents the conductivity o(1/o = P) as distinguished from the con- 
ductance: 


ohm~* 


(1.7) 


ohm cm 


(wis always assumed to be a mean value across the sample from here on). 
Application to Thin Films 


The application of additional contacts being difficult and undesirable in 
thin-film characterization measurements, (I.7) applies in all cases where two 
evaporated end contacts M can be made to a film and the film thickness is 
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known by either infrared studies (absorption measurements, etc.) or by 
deposition calibration. If by such methods Q and L are known, the resistivity is 
easy to calculate. In cases of in situ measurements, the films remain under 
vacuum while the resistivity is checked. If in these cases the deposition rate 
and thus @Q of the film are known, a measurement of the resistance V/i gives 
immediately p. Such in situ techniques apply especially to mobility checks in 
which the magnetic field is switched in for additional measurements of the 
Hall constant (see under Mobility). In the case of films of thickness below 1 
care has to be taken to make sure that the carrier flow is not subjected to 
strong influence of defect zones or grain boundaries (see below). Equation 
(1.7) can be applied directly in two-probe measurement techniques. As shown 
in Figure AI.2, the end contacts are applied to the sample in the form of metal- 
lized surfaces of ohmic character. (In the case of n-type crystals, a layer of 


POTENTIOMETER) 


Q = CROSS SECTION 
OF CRYSTAL 


1 = PROBE DISTANCE 


Fig. AI.2  Two-probe method for resistivity measurement. 


n* diffused material is useful underneath the metallization. The same is true 
for p-type crystals, where p* diffused regions, if possible to degeneracy, are 
desirable.) To calculate the resistivity in ohm centimeters from 
v-@ 


i’ (18) 


where / = electrode spacing, 


we introduce V in volts, Q in square centimeters, / in centimeters, i in amperes. 
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With this method, a certain local resistivity distribution can be measured 
since / can be made as small as allowed for by the potentiometer sensitivity. A 
considerable increase in sensitivity results from application of ac methods, In 
Figure AI.3, the scheme is shown. F is a filter passing a band Aw around the 
center frequency w injected into the crystal sample. The distance between the 
Points can be made extremely small if the amplifier A increases the amplitude 
correspondingly (for example, 10° in voltage amplification). 


o 


Fig. AL3_ Ac method for resistivity measurement. 


B. Four-Point Probe Method 


A class of very generally applied resistivity sets is based on this method 
because no application of large-area contacts by plating or other type of 
deposition is needed. Here, two Pressure contacts are used to deliver a current 
through the sample while another contact pair measures the voltage developed 
across the semiconductor path used for the current flow (Figure AI.4). In this 
method, the cross section of the crystal is not needed in the resistivity calcula- 
tion. Therefore, the method has very general applicability with the main 
limitation that contacts have to be ohmic at least within the measurement 
range of currents (probes | and 4) and that probes 2 and 3 see a high imped- 
ance (toward high impedance voltmeter). Generally written, the voltage at a 
point x, y, z is related to the local field E by 


Vox y,2)=- f ne Bap, (L9) 


Since grad V = —E and V =q/r, q =local charge, we may write for the 
potential variation with distance r 
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Fig. Al.4 Four-point probe geometry. 


av(r) q 
=-E=—5. Be 
or E=5 (1.10) 
as BP 
q q cy) 
V5 = a. 
Sits, 53 


Here we assume that a continuous charge distribution has been built up 
because of current J. The potential difference AV between probes 2 and 3 is 
then 


bs “i 
Sy $3 S2+5S3 Sy +52, 


This simplifies for s, = s. = 53 =s to 


or 


(L.12) 
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Fig. ALS Point probe and radial geometry. 


To calculate the resistivity from the voltage at the inner probes, we have to 
consider the current density in the sample. The equipotential surfaces around 
a point injector being semispheres (Figure A1.5), the relation 


f E 
ia" > (1.13) 
where J = current, 
E = local field, 
holds (p = resistivity of material). Since the field is given by 
E=Vin=4, (1.14) 
we get 
nr? 
==, 1. 
Ps ar (1.15) 
a=18, (116) 
iT 
or: 
pat, aay 


pm 


-10 


pm = MEASURED p 
p= ACTUALP 
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4) CORRECTION FACTOR FOR COLLINEAR 
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b) CORRECTION FACTOR FOR COLLINEAR 
PROBE SET NEAR CRYSTAL BOUNDARY 
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Fig. AL6 (a) Correction factor F’ (%) for line arrangement of probes parallel to a crystal 
boundary; (6) correction factor F’ (%) for linear four-probe arrangement perpendicular 


to a crystal boundary. 
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and according to (1.12) 


(1.18) 


This is a resistivity expression in terms of AV and s used generally for four 
probes. The current range can be chosen so that AV is immediately read in 
terms of ohm centimeters by proper calibration: 


I= 2zs. 


This very idealized derivation of (1.18) shows the limitations. First, no 
infinite crystal surface being given, the limited crystal provides a conductivity 
boundary that reflects carriers and changes p into a value p-measured, In 
Figure AI.6a and b the error F’ is plotted in percent against //s, the ratio of 
boundary to probe distance. From p,, and F’, the actual pis found: 

P= Pall = IF"). (119) 

The actual resistivity, therefore, is smaller than the measured resistivity 
when a crystal boundary is present. Another correction is necessary if the 


probe diameter is close to the probe distance. If d/s < 0.05, an accuracy of 
better than 0.05 can be assumed. 


C. Measurement of Dice 

Two types of dice are of importance for devices, those without a conducting 
layer (used, for example, in microciruits) and those with a conducting layer 
(used, for example, in transistors of large size for power applications or in 
photoelectronic devices, etc.). The resistivity in the case where the wafer or 
dice thickness w determines the nearest boundary is given by 


Va-w ow 
= ~~ F(-}. . 
I In2 (2) (1.20) 


This is the case of a nonconducting surface, and the correction factor F(w/s) 
drops considerably below 1 for small thickness w or small w/s values. This 
means that the actual resistivity measured appears too large compared the 
true resistivity. In the case of a conducting surface, the correction is just the 
reverse. The resistivity is given by 
Vv 2n (*) 
=— + F(-}. 1.21, 
T As, + Ls3 — 1f(s, + 52) — 1f(s3 + 82) s (1.21) 
For equal probe distances s, = s, =s3;=5: 


is w' 
=—: + F'-). 16 
p=7 2ns + F (*) (1.22) 
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Fig. AL7 Correction factor F(W/S) and F’ (W/S) for nonconducting and conducting 
crystal-dice bases, respectively, in four-point probe measurements. 
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For the factors F and F" see Figure AI.7. F’(w/s) is high for small w/s values, 
because the apparent resistivity turns out to be too low when a conducting 
layer shunts the semiconductor on one side near to the contact probes. In any 
case, a value w/s near to | should be feasible (crystal thickness about equal to 
probe distance), and both correction factors F and F’ are then near to 1. 
In much equipment for point probing, the four-contact electrodes are arranged 
ina square. S, Catalano! has treated this case in detail, As shown in Figure 1.8, 
a number of arrangements are possible, and the correction factors change, 
depending on whether the current-carrying probes are arranged either per- 
pendicular to the boundary or parallel to it. Also, the distance between the 
current-carrying probes can gencrally be a multiple, ns, of the distance s 
in the other direction, For each case, there are two complementary solutions, 
depending on the nature of the boundary: conducting and nonconducting. 

In the case of flat samples (films), it is often desirable to apply contacts to 
arbitrary places at the circumference of a flat sample (Figure AI.9). In this case 
the Van der Pauw relation 


d d 
ex —7R4s,cp ‘) + exp —Rge, va ‘) =l (1.23) 


is valid and can be used to find the resistivity from 


— 7° 4 (Raw,co + Rac, va) (R22) 
In2 2 i ‘ 


(1.24) 
Rac, ', DAs 

where f is a correction function (Figure AI. 10). The same method is applicable 
to Hall measurements.” 

For probe arrangements in arbitrary form within rectangular samples, 
A. Mircea® has derived the geometric factor K (dimension of length) in the 
sheet resistivity 

Vv 
BaKes, (1.25) 
where V = potential difference between voltage probes, 
J = current through two current-carrying probes, 


Of more general use is the derivation of arbitrary probe arrangements on 
arbitrary samples* by Mircea using the Green function method, 


Application to Thin Films 

In many instances the four-point probe surface measurements have been 
used to define impurity profiles within shallow layers and diffused barriers on 
bulk material by the lap-repeat method. This method has given quite reliable 
results in all cases where the impurity density in the measured layer (diffused 


Fig. AL8 Four-point probes in square arrangement near crystal boundaries. 
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Fig. AL9 Van-du-Pauw probe arrangement on dice. 


layer) is higher than in the underlying bulk crystal.>"* If one plots the slope of 
the G, versus x curve 

aG, 

rao 


x 


where G, = sheet conductance, (ohms/square)~!* 
x = coordinate, measuring layer depth, 
one gets a plot for all sheet conductivities o, parallel to the junction.® 
The sheet conductance is given by 
dI(x) 


46x) =; 


(1.26) 


Here the sheet current J is also a function of x, or we have 
dG(x) = N(x)q° ji'dx, (1.27) 


== average net impurity concentration in layer (x), 
average mobility, 
q = electron charge. 


where N(x) 
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Within a diffused skin one may integrate this equation from x = 0 to x = x; 
the result giving the sheet conductance of a diffused layer: 


G40) = 4 J 'NGx)- ax, (1.28) 


If one uses a collinear array of four equally spaced (s) probes for the resistivity 
measurements, one has, referring to (I.20), 


Vv 
ur (1.29) 
for the condition 
x; <4, 
or 
oh Pd, 
Salada (1.30) 


This change in conductance AG,(x) with penetration x; can be written 


AG (x) = 6+ x,, (1.31) 
or 


x)= In 2 [2 I(x + 2] (1.32) 


nm LV(x) Vix+Ax)J° 

This change in conductance is sometimes difficult to obtain by four-probe 
measurements, and evaporated, ohmic contacts have to be applied to both 
sides of a sample. In this case AG,(x) is given by the expression above in 
brackets only, the factor (In 2)/n reducing to 1. From this the average net 
impurity concentration N(x) follows: 


No) = fe _ Met aa 


qh Ax | V(x) V(x + Ax) (1.33) 


These conditions are not met in cases where the substrate is of higher con- 
ductance than the layer to be measured. This situation, however, is the usual 
one for epitaxially deposited materials. In many instances the device sub- 
strate is a highly doped crystal for reasons of spreading or base resistance 
contact, and the shallow high-resistivity epitaxial film is used to form the 
planar device structures. In this case the usual four-point probe method 
measures the resistivity of the substrate rather than the one of the surface 
layer, since the main current flow goes through the high-conductivity sub- 
strate and the voltage probes measure the small voltage drop across s, In 
Figure AI.11 the dimensions are incorrect insofar as s is far in excess of the 
layer thickness t,. If s can be lowered to a value essentially a factor of 10 
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Fig. AL11 Four-point probes on epitaxial layer n on n* 


higher than the film thickness, meaningful film resistivity values can be obtained 
if the resistivity ratio is pn/p,* ~ 10°. For a ratio of p,/p,? > 10°, the practical 
lower limit for ty is 4 u. In this case probe openings around 25 4 should be 
maintained, which is impracticable. If pn/p,* < 10°, or for the values of sub- 
strate and film resistivity approaching each other, the film thickness has to 
increase to 
10° 

PulPn 


t= inp. 

In cases where the substrate is of the opposite conduction type of the film, a 
junction forms and can be used to isolate the current flow through the epitaxial 
layer. This method works, of course, only up to a certain bias voltage or 
current value through the current probes. Beyond this value the voltage drop 
across the current probes (Figure 1.12) adds markedly to the backbias- 
voltage V,, and the barrier layer 6 starts to widen further into the film, 
diminishing the current flow and indicating an increase in resistance. This 
trend reaches a maximum value for V/J versus J and then a steeper fall-off 
to very low V/I values, according to the breakdown of the separating barrier.” 
Figure AI.13 shows the typical V/J versus /-graph for this situation. The 
weakness of the four-point probe method in cases of epitaxial films are, there- 
fore: 


1. Small probe spacing necessary (below 10 mils or 254 yu is possible, but 
technically difficult). 

2. Mechanical damage likely to occur. 

3. Very limited current-voltage ranges. 


Fig. ALJ2 Four-point probes on epitaxial layer p on n (or n*) 
with barrier formation, 


A certain alleviation of spacing conditions is possible with the square probe 
arrangement in Figure Al.14. Since probes 1 and 3 are used for the circuit 
injection and 2 and 4 as voltage probes, the critical distance g is to be main- 
tained only with two probes at either side. The solution of Laplace’s equation 


for cylindrical symmetry yields® rather localized equipotential lines within the 
range of resistivities assumed: 


Pe = 1.0 ohms cm, 
Pp, = 107? ohms cm, 
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Fig. AL13 Resistance as a function of current through the outer probes in a four-point 
test on a p-type epitaxial layer on n*-type substrate. 
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Fig. AL14 Four-point probe arrangement for measurements of n on n* or p on p* epi- 
taxial layers. 


To achieve sensitivity to 0.1 ohm cm for p,, the probe spacing s must be less 
than SO y. For higher resistivities correspondingly larger spacings are allowed. 


D. Breakdown Technique 


In this method the correlation between breakdown voltage and impurity 
concentration is exploited. Three probes are needed to carry through this 
type of test. Two probes form a current path so that a junction is formed on 
one probe (reverse biased probe), and the third probe is used as a potential 
sonde® (Figure AI.15). It must be understood that this is an empirical method 
for which a calibration curve has to be established. This is done by measuring 
the breakdown voltage of nonepitaxial monocrystalline material of known 
impurity content. If one plots the depletion layer width as a function of 
impurity concentration for different voltages and carries the breakdown 
voltage versus impurity concentration relation into this diagram, one obtains 
a chart showing the limitations (Figure AI.16). 
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Fig. ALIS Breakdown method for resistivity measurements. 


It is important to know if the measured breakdown voltage value is deple- 
tion-layer-width limited or avalanche-limited. All points at the left of the 
breakdown voltage versus the impurity concentration-calibration curve 
are depletion-layer-width limited. In the double diagram one has to use, 
therefore, the depletion-layer-width-impurity-concentration relation for 
breakdown voltages below the points indicated by the bulk-calibration curve, 

A similar procedure was applied by other authors!® who used instrument 
reading and a contact to the bulk substrate or block, (in the case of slices), 
(Figure Al.17). A ramp generator allows scanning the point contact charac- 
teristics. Again, the avalanche breakdown plotted versus the impurity con- 
centration is the upper limit into which all epitaxial-layer thickness versus 
N(x) curves have to merge. (Figure AI.18). For known layer thickness 
and breakdown voltage, the method yields a fairly precise reading of the 
resistivity p, 

Because of the fact that in thin films the breakdown voltage is defined by 
the layer thickness rather than by the impurity concentration (area below the 
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Fig. Al.17_ Set-up for breakdown voltage measurements by instrument reading. 


avalanche curve—Figure AI.18), this method is useful only in special cases of 
profiling within narrow limits. Especially profiling of high-resistivity films on 
low-resistivity substrates of the same type is difficult. In this case the differential 
capacitance technique is preferable. 


E_ Differential Capacitance Method 


In order to carry through meaningful measurements of this type, a good 
mesadiode has to be made on the epitaxial layer. This is generally within the 
technical capability of a laboratory where such evaluation is of interest. The 
capacitance method has the advantage to be based on the usual MOS type of 
structure and to yield reproducible results without surface damage or probing. 
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On n-type silicon layers deposited on n* or p-type on p* substrates, a SiO, or 
SiO layer of a few thousand angstroms is deposited, and small aluminum 
contact areas are applied to the surface of the oxide, 

The capacitance of the total structure is the series capacitance of: 


1. The oxide layer capacitance: Co 
2. The barrier layer capacitance: Cp 


The barrier layer is formed by the surface charges at the semiconductor- 
oxide interface and the resultant Space charge within the semiconductor. Thus 


C=—— (1.34) 
Co 


~ T+ Cole )al¥o)” 


£9, & = relative dielectric constants of oxide and semiconductor, 
X4 = depth of depletion region, 
Xo = oxide thickness. 


(1.35) 


With increasing bias a limiting capacity of the barrier layer is measured 
(6C/@V) while Cy remains constant. We are interested only in 


mee es (1.36) 
or 


(1.37) 


In measuring C,,,, one can derive impurity density values via a capacity 
per unit area versus M(x) plot, as shown for silicon in Figure AI.19. 

In many cases it is possible to apply the capacitance directly to the epitaxial 
layer by a shallow, high surface concentration diffusion and metal contact, 
thereby forming a suface junction, whose dielectric is the depletion layer only. 
This is the same buildup, for example, as in a varactor diode. For an abrupt 
change from p to n at the junction, integration of Poission’s equation gives 


ead dx? -{ j= N(x) dx?, (1.38) 


where g = unit charge, 


and for N(x) = constant = NV 


x 
v=— N> (1.39) 
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with C/F (capacity per unit area) = = 
HT. 


2 
C_(#N )- ‘ ; (1.40) 
The capacity variation (CIF) is 
ov 
AGI KCI) -1n()"" y73?, (L41) 
Introducing V from ae gives 
&(C/F) 4n 4 
Ove = aN an (CIF) (1.42) 
and 
N= — SXCIFY 
O(C/F) |. (1.43) 
ew 
eis the dielectric constant defined in 
eF 
C= ha om 
or if we use the permittivity en = ee, 
cont farad, 
with 
and aes 
8 = te5 10 farad/cem. 
In the case of a graded junction 
N(x) = N(0) + x (1.44) 
the integration of the Poisson equation leads to 
= PV ng 4nq 
Slgae = [j= N(@) dx?, (1.45) 
and 
C_(q-N@) & us 
dl ‘) 4.46) 
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Since here, 
G(CIF) _ g°NO) _& \'? W473 
Ww = -1( . =) | ia (1.47) 
we get 
(CIF) _ 
ae (1.48) 
and 
a _ ny -(CIFY* 
oa 2 CIF) |. (1.49) 
rT 


The method of studying impurity densities by the surface capacitance variation 
is most useful for profiling high-resistivity films on low-resistivity substrates.’® 


F Spreading Resistance Technique 


In the search for a method which may be applied to a wide variety of 
multilayered semiconductor structures and which at the same time does not 
require elaborate contacting procedures or device construction, one is lead to 
the spreading resistance technique. 

It has been applied with success to samples (films) of small physical dimen- 
sions and over a wide range of resistivities, from 107* Q cm to 10? Qcm on 
substrates of the same or opposite conductivity type.''"'? 

R. Holm"? has shown that a semispheric metallic contact embedded in a 
homogeneous, semi-infinite solid of resistivity p generates a spreading resist- 
ance: 


pdr 


R ee 
2nr?” 


aR,=[- (1.50) 


where r = radius of semisphere, 


or 
pons 
Raa (L51) 


If the metallic contact surface is flat instead of spherical, the spreading resist- 
ance is given by 
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‘i in 
R= te ue -= arctan ve, (1.52) 
Arto? wr/u 2nr r 


where y = parameter measuring equipotential-line extension into the semi- 
conductor, 
r = contact radius. 


For # = © (semi-infinite body of semiconductor) we have 


p 
= 1.53, 
4ro Us) 


where rg = actual contact radius. 


R, can be measured by a V/J relation, and the resistivity 


p= Aro (1.54) 


can be derived. Therefore, such a measurement is basically a resistance plot 
for known contact radius. There are a number of constraints inherent in this 
method. As is well known, point contacts can have very many electrical 
features: 


1, On n-type material it is difficult to establish ohmic contacts because of 
the strong formation of a surface barrier. The broken bonds at a surface have 
acceptor character, and the formation of a space charge is the consequence. 
On p-type semiconductors such surface barrier formation is less pronounced 
and can be induced only by high local fields. 

2. Athigher current levels in the forward direction, minority charge carriers 
are injected which reduce the apparent resistivity. 

3. Even at moderate current densities the small contact area can cause 
joule heating, thereby changing the local carrier concentration, mobility, and 
band gap or causing a thermoelectric voltage. 

4. Multicontacts may form under applied point electrodes and cause a 
spreading resistance 


(1.55) 


with local contact radii r, much smaller than the contact wire area, thus 


inducing uneven current distribution and eventual heating. 
| 
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Therefore, it was assumed for along time that this type of measurement is 
too ambiguous. However, a close check revealed that problems | to 4 can be 
minimized by: 

1, The use of hard probes (pickup needles, osmium-tipped steel, tungsten- 
carbide points, etc.) 

2. Voltage levels lower than a few kT/e volts. Since kT/e ~ 0.025 volt, a 
voltage drop of <1/10 volt must be maintained. This is then below the diffu- 
sion voltage for most silicon and germanium surface barriers. 


A remaining problem though is the all-present zero-bias-barrier resistance 
(Shive) in series with the spreading resistance itself. This and attendant effects 
should be accounted for by a calibration on monocrystalline material of 
well-known impurity density of high perfection and exacting surface treatment. 

Figure AI.20 shows such calibration curves for n-type and p-type silicon. 
Obviously, the correction curve for n-type material gives a factor variation 
that is in excess of the one for p-type material. Direct measurements of the 
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Fig. AL20 


spreading resistance by monitoring voltage and current (for example, measure- 
ment of R between probe and base contact with a Keithley 610 A instrument) 
at a point contact give high spatial resolution. This is important when local 
differences in diffusion profiles (microcircuits) have to be tested and when 
small samples of epitaxial layers on heavily doped substrates are being 
checked. If an isolating junction exists between films and substrate, all 
methods using breakdown voltage and differential capacitance measurements 
are difficult to apply. Spreading resistance measurements are applicable, how- 
ever, and can be modified easily for such cases. At the sacrifice of some spatial 
resolution, a three-point probe can be used. 


d/r = 200 
it, 


Fig. AL21 Three-point probe spreading resistance set on epitaxial layer. 


As shown in Figure AI.21, the small current injection can take place between 
two probes | and 3 or 2 and 3, and the voltage readings can be taken between 
probes 1 and 2 in either case. The spreading resistance is again given by 
R, = p/4+ro for a spacing s of a few times ro. The critical dimension is the 
probe radius ro in relation to the layer thickness ¢. For the semi-infinite case, 


there is no correction, but below this value, we have to add a correction 
factor CF: 


Two limiting cases are given as follows: 


£0 for an insulating boundary between the upper layer and the sub- 
Po 


strate, 


= = 00 for a perfect conductor as substrate. 
‘0 
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Figure AI.22 shows the correction factor for the two limiting cases and inter- 


mediate values of p/py. ; 
The total spreading resistance as measured contains again the zero-bias- 


barrier resistance. Therefore, the complete formula is 


pee 


apes 


where k is as given in Figure 1.20 for silicon. Another way of writing the 
actually measured spreading resistance is 

pi 
ae os 


CF + Ror, 


where Rg is the additional resistance due to the zero-bias-barrier. In using 
this equation, Rpp has to be assessed separately. 

The spreading resistance method applied with the necessary know-how 
offers a number of possibilities for routine layer measurements, since no 
special device formation is needed and since spatial resolution can be obtained 
that is within the requirement limits for microcircuit and thin-film testing. In 
conjunction with the differential capacity test, which determines carrier con- 
centration N(x) directly, the carrier mobility 


x= [7p N@I, 
where g = electronic charge, 


can be found directly (see under Mobility). 


G. Microwave Methods 


Because of the time-consuming probe Positioning and the eventual damage 
to the semiconductor surface, other methods have been devised. An elegant 
method of measuring the resistivity of large quantities of wafers is the micro- 
wave transmission or reflection method. In this method no contacts to the 
sample are established, and no correction is necessary because of probe 
positioning. Thin-film semiconductors that would be damaged by a point- 
probe method can be subjected to this type of measurement without applying 
evaporated contacts. The major correction in the case of microwave measure. 
ments stems from the penetration limitation. Three methods can be applied in 
this case: 


1, Reflection coefficient 
2. Transmission measurement 
3. Measurement in a high Q cavity 
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Fig. AI.23 Skin depth or three different microwave frequencies in silicon versus 


resistivity. 
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In case 1, the semiconductor crystal or slice or layer is used to terminate a 
transmission line, and the return loss is measured. This return loss is depend- 
ent only on resistivity if no transmission loss occurs. To assure a sufficient 
sample thickness, diagrams of the form given in Figure AI.23 should be used 
which show the correlation among, resistivity range, sample thickness, and 
frequency used, The skin depth is given by 


b= — ta 
ai[F(+apa) — |] 


where 6 in meters, 

f = frequency, c/s, 

rmeability = 4 - 10-7 henries/meter, 

@ = dielectric constant = 8.85 - 107 '? farads/meter (air), 
e = 1.062 - 10~'° farads/meter for silicon, 

p =resistivity, ohm meters. 


The penetration in inches and also in microns is plotted in Figure AI.23 for 
three typical microwave frequencies. Change with resistivity (ordinate) is very 
strong. The frequency plotted as parameter has a minor influence. For small 
sample width, however, the frequency should be chosen that allows a reason- 
able resistivity range to be measured. 

In another graph the skin depth versus resistivity for different frequencies 
up to 300 GHertz is plotted for the lower values of 6 in microns. The increasing 
requirements with respect to frequency make measurements difficult in the 
range of thin films with normal impurity doping (Figure AI.24). For films of 
several microns thickness and within the resistivity range of 10-3 to 10 ohm 
cm, a frequency of 9 GHertz is necessary. 

For the lower range of thicknesses, the necessary frequency gets already into 
the infrared range (1 to 30 microns). The reflection method works well for a 
limited range of resistivities (once a frequency is chosen). The dynamic range is 
limited to a few decibels difference, however, between a sample of low 
resistivity (return loss=0 decibel, all power absorbed) and a sample of 
higher resistivity. (perfect impedance match, return loss is infinite.) A 
typical calibration curve is shown in Figure AI.25. 

The second method—microwave transmission—is based on the measure- 
ment of power loss when the sample is inserted into a waveguide. In this case 
one must independently measure sample thickness and use a frequency- 
resistivity range for complete transmission through the sample. As Jacobs 
et. al.'5 have shown, a calibration of power transmission through semi- 
conductor slabs (germanium) within a limited conductivity range can be 
represented by a linear relation. 
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Fig. AL25 Resistivity versus return loss in decibels of microwaves (f= 
9 GHz) on silicon crystal surface. Sample 0.4 x 0.9 in. surface area. 
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The condition 
o 
-—<o, 
& 
where o = conductivity, (ohm meter)~', 


dielectric constant of semiconductor, 
@ = 2nf = angular frequency, 


for postinsertion into wave guides can be relaxed in the transmission method 
to include the range > we. This method has special merit in lifetime studies 
(see under A III). 

It is advantageous that both methods—reflection and transmission— 
implement each other with respect to resistivity value and sample thickness. 
The third method is based on the Q change of a high Q cavity by making the 
test sample a section of the cavity wall (opening in the cavity is covered by the 
test sample.) The sensitivity amounts to 3 to 4 decibels per decade of resist- 
ivity change in a typical case and allows some interpolation for a frequency of, 
for example, 22 GHz. 

These microwave methods have also been applied to Gallium Arsenide.'© 
In all cases, empirical calibration is necessary, and in the case of thin samples, 
composite structures can only be measured by reflection methods, since trans- 
mission through an epitaxial layer + substrate would be difficult to interpret 
even for high resistivity substrates. But even in convenient ranges of resistivity 
(skin depth) and sample thickness, the reflectance method is limited because of 
the requirement of a certain minimum area for the sample surface under test. 
Generally, such areas lie shortly below 1/2 inch? and can be reduced by a 
partial cover with brass, which also reduces the sensitivity, or one may use a 
higher frequency, but there is no possibility of applying the microwave 
methods within areas of interest in microcircuits. 
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Il HOMOGENEITY 


One of the most important characteristics of qualified monocrystals for 
devices is the homogeneity with respect to doping. It is well known that 
dopant clusters form around nucleation centers. Such centers may be formed 
by point defects, especially in the form of vacancies, but also by interstitials 
and partial dislocations. Dislocations and dislocation arrays (grain bound- 
aries) present large area discontinuities and are considered unlikely in good 
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Fig. AIL1 Crystal homogeneity test by the photo-injection method and 
photo-voltage versus distance x. 
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monocrystalline material of low dislocation count. But even so-called disloca- 
tion-free monocrystals show etch figures of different kinds (saucers, etc, 
which, in most cases, can be associated with impurity clusters or, in a more 
general way, with the uneven distribution of foreign atoms and active 
centers.) 

In the search for a sensitive method of plotting resistivity profiles or doping 
topographs for crystals of high perfection, one is lead to the use of the photo- 
injection method. This method consists of a light injector applied to the 
surface of the semiconductor crystal and two contacts applied to this crystal. 
These contacts are connected by leads to a tube voltmeter. The light source is 
modulated, for example, by a rotating disk. A bandpass filter only passes the 
frequency thus generated. The light source is a small point focussed onto the 
crystal surface by a bifocal lens (Figure AII.1). By the modulation with a low- 
frequency w and application of a filter, parasitic and noise injections can be 
eliminated. 

The contacts A and B to the sample are not critical. They may even be 
formed by pressure contacts if soft tin-lead compounds are used, since a form- 
ation of depletion regions at the contacts does not change the plot of local 
injection differences with the crystal area scanned as long as the light point is 
more than a diffusion length away from the rectifying contact. The plot of the 
photovoltage V, developed at the contacts due to light injection yields a 
conclusive view of the homogeneity of a crystal. V, being proportional to 
Op/dx (resistivity gradient), all inhomogeneities resulting in a local resistivity 
gradient contribute to the photovoltage developed. Stoichiometric variations, 
however, are marked differently from, for example, variations in crystal 
orientation especially lineage and grain boundaries. 

Because of the acceptor character of dislocations, the latter ones show upin 
a distinct manner as sharp zero passage (Figure ATI.1), but doping gradients 
show only a slow decrease or increases in photovoltage. This is also the case 
for twin boundaries which generally separate zones of different doping because 
of the diagonal displacements without dangling bonds. By using the optical 
scanner in two directions, a two-dimensional plot (xy) of the resistivity profile 
is possible. Observation of the photovoltage on an oscilloscope in connection 
with xy scanner gives, at a glance, the location of an inhomogeneity of undesir- 
able proportions. 

The association of a light-intensity gradient with the y displacement of the 
scanner allows a separation of the V, curves on the screen (Figure AII.2). 
Local inhomogeneities have been mapped recently by application of a laser 
beam as light source.” 

Different light frequencies can be used to scan in depth or only at the sur- 
face, In general, the crystals to be tested are thin, and light frequencies with a 
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Fig. AIL2 x-y scanning of crystal for photovoltage-homogeneity test and photo- 
voltage-profile. 
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near infrared component are always sufficiently penetrating to give a mean 
value across the wafer thickness. 

The light-injection scanning method can be applied in principle also to a 
lifetime profile. In this case the light source has to allow for pulsed operation, 
As in the usual lifetime method (Section III), a light burst, for example, from 
an are or high-pressure mercury lamp, is applied locally and the decay curve 
plotted on the oscilloscope. With a remanescent screen, several decay curves 
can be compared for different irradiated locations on the crystal. Again, a 
superposition on the cathode-ray screen is feasible if variable injection intensi- 
ties are used. Local lifetime inhomogeneities are more difficult to measure 
than local resistivity variations. In general, the plot of the resistivity variations 
p/ox, ép/dy already shows sufficiently if the crystal is useful for devices 
within the dimensions tested. 

Regions of large changes of @p/éx are generally connected to dislocations 
and trap levels and are, therefore, already recognized as the problem points in 
crystals also with respect to lifetime and mobility. 

In highly dense arrangements of devices in microcircuits on wafers or thin 
films (epitaxial material) it is always desirable to eliminate the base material 
of doubtful perfection in order to cut down the costs of processing and elimin- 
ate reject from the start. 

Therefore, the photoelectrical scanning method is extremely useful. The 
sensitivity is very high, since the actual gradient at the injection point defines 
the photovoltage developed. 

Integration of the V, versus x curve can easily be done’, but in this case the 
value of 


Op 
Paw (ILI) 


gives the mean value of the resistivity, and, therefore, nothing more than a 
four-point probe is able to produce. 
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I LIFETIME MEASUREMENTS 


For bipolar transistors the lifetime is the most important crystal para- 
meter that defines junction quality, injected carrier survival rate, and thus 
also the amplification. In order to study lifetime over the full range of crystal 
types (low-frequency power devices to high- and very high-frequency audio 
types), varied equipment is necessary, since we may have to cover values from 
10-% ysec or even below lv sec up to several thousand psec (1073 sec or 
range of milliseconds). A wealth of methods has been developed to effect these 
measurements, They can be classified in three main groups as described in 
the paragraphs that follow. 


A Transient Methods 


Measurement of the conductivity decay over time when a crystal between 
ohmic contacts is subjected to light pulses. 


B_ Steady-State Methods 


Measurement of the amplitude variation with displacement of a collector 
point under constant (modulated) illumination. 


C_ PhotoMagnetoelectric Methods 


Here the crystal is subjected to a steady-state light injection and to an electric 
field as well as to a magnetic field. 

In addition to these methods, special processing has been developed to 
study the lifetime of minoirty carriers within a finished device like a junction 
diode. In this case the minority carriers are electrically injected by application 
of a pulse to the junction, and the current decay is followed on an oscilloscope. 

More sophisticated methods are being used when the surface recombination 
velocity is high (silicon) and surface states have to be saturated before a bulk 
value can be determined. This is done either by additional dc light injection 
superimposed on the pulse light source or by the double-pulse method. 

Finally, we have to mention methods for resistivity measurements. They 
affect strongly the measurement of mobility values, since generally the con- 
ductivity is given by o = yqN, where 


= mobility, 
1 Areriaty 

— = resistivity, 
o 


q = electron charge, 


N = carrier density. 
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Method A, Transients 


The transient case is described in Figure AIII.1. Here the crystal sample 
(for example, silicon) is subjected to a light pulse (repetition rate long com- 
pared with lifetime), and the conductivity decay over time is observed on the 
oscilloscope (Figure AIIIL.2). If the conductivity decay at the half point is 
observed, we have, from the fundamental decay law, 


pari 
on en(—), 


or 


anno" 


Therefore, we only need to read the r value (abscissa) at the o,,2 value and 
divide by In 2 to obtain the actual lifetime. It is easier to plot the decay curve 
directly on semilogarithmic paper. In this case the exp (—1#/t)-curve is line- 
arized (Figure AIII3): 
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Fig. AIIL1 Lifetime check by light-pulse injection method. 


Fig. AIIL2 Exponential signal decay curve and lifetime z,-. 
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Fig. AIIL.3 Semilogarithmic plot of o versus ¢ [ctg a = T]. 
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We read 
AY1)2 
tana =—*2; 
eee 
then 


1 
t= ae ctg 
(see Refs. 1 and 2). 

Measurements of time-decay curves applied to diode structures are of a 
similar nature and belong to the same category. In this case, a current pulse is 
applied to the diode p-n junction in the forward direction. The pulse generates 
a minority carrier cloud across the junction that decays in a time defined by 
the effective lifetime of the material (Figure ATII.4). A pulse generator delivers 
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Fig. AUIL4 Lifetime test by electronic pulse injection into junction. 


a rectangular pulse at a-a’ in a direction with the positive side on the p-type 
junction side, for example, indium on n-type germanium (rectifier tube 6ACS in 
series). At b-b’ the pulse appears and is monitored by an oscilloscope. Here the 
Pulse tail is plotted, and its slope serves to define the effective lifetime. Pulse 
rise and decay times have to be measured (t, = 1/10 t.q). Pulse length and 
repetition frequency are usually in the 10 psec and 3,000 p/sec range, res- 
pectively.* The method is consistent with the known Haynes-Shockley 
method,* with the only difference that a defined, grown, or alloyed or diffused 
junction serves to inject the minority carrier Pulse. In the latter case, we can 
use directly the junction equation to find the relation between excess hole 
density and voltage. The hole density at the p-n junction being given by 
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aes 
where « = we 


q = unit charge, 
kT = Boltzmann factor. 
One may directly introduce the excess hole density Ap by writing 


P=Pnt Ap (TIL.2) 
in the n-type region. Equation (ITT.2) into (III.1) yields 


v= “ in at AP (UL3) 


A 
One may assume that the excess carrier concentration Ap decays exponentially 
with a single carrier effective lifetime. This means that 
Ap = Apoe™"*, (IIL.4) 
where Apo = excess carrier concentration at the termination of the forward 
current pulse. Equation (IIT.4) with (II1.3) yields 
ven a in(1 + Ake ca (IIL.5) 


We may now define that a voltage Vj measured at a-a’ (Figure III-4) is 
simply the stationary portion in ee 


“te), 


Vo= + = in( es (11.6) 


Therefore, we may express Apo/p, , the relative excess hole density, by (IIT.6): 
Apo 

Pr 
Equation (III.7) into (III.5) yields 


= Ao _ 4, (1.7) 


v= ing + (evo? — 1)e-H9, G8) 
q 


For t/t small and V, > kT/q (voltages in excess of 1/40 volt are applied), one 
gets 


Vids Vo. eens (IIL9) 
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or 


kT | At 
hl=— 


lay (111.10) 


At/AV is the linear slope of the decay curve. 


Method B, Steady-state Methods 

This case is described by the schematic in Figure AIII.5. Here a crystal is 
subjected to a light source, and injected carriers are collected by a collector 
point C. The light may be modulated for ease of amplification, and the collec- 
tor point may be a small alloyed junction. While the modulated light, either 


Ax>>4 


Fig. AILS Ax method for lifetime test. 


as a light line or a light point source, is continuously injected, the distance of 
the light source from the collector point is varied. The linear Portion of the 
decay curve in a semilogarithmic plot follows the law 


R=C-e7*te, (IL.11) 
where L, = diffusion length. 


R can be a voltage or other response measured at position A (Figure III.5). 
Since the lifetime can be obtained from the diffusion length, we need only to 
correlate a response change at the half-point, where 


ce Mile we Vy — Vz =2 
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(Fig. 11.6), and thus 


Tees Ax 


ie (11.12) 


Since for holes in germanium the diffusion constant is Dy = 47 cm?/sec, one 
gets 


— Ax 
L,=J/Dot=-75 
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Fig. AIIL6 Solution of e~**'"* ~ 2 by semilogarithmic graph. 


Equation (III.11) is the solution of the diffusion equation for holes in n-type 
material: 


Vp-42 =0. (111.14) 


It has to be solved for cylindrical coordinates in case of a light line to be used 
as an injector. In this case we get for radial flow the boundary conditions 
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P=Do* iHg( 122) atr=To, 
(11.15) 
p=0 atr=0, 
and the solution 
P(r) = po i- H(i7), (1.16) 
Ly 


where H§") = Hankel function of imaginary argument and order zero, rank (1), 
p =added hole density, 
L, = diffusion length for holes. 
The expression (111.16) approaches infinity as r+ 0, and at r/L,very large, one 
may use the approximation 


ingp(i z) ~ ke7"», (11.17) 
Ly 


where & is a normalizing constant, not important for the measurements. In 
very exact measurement procedures, the theoretical curve (1.16) has to be 
compared with the experimental one, and the corresponding displacement 
value Xo (abscissa) can be found: 


d{In p(r)] 
dr 


HY (i z) 
ees (11.18) 


1 
NY ae 
ing Ge. 


1 
== ms F(x), 


Experimental slope = 


where #7 {’ = Hankel function of first order, rank (1). 

= a F(x) from (III.18) can be plotted against r/L, = x. The experimental 
» 

slope m(ro) multiplied by the distance ro is equal to 


XoF (Xo); 


so that Xo =ro/L, can be found from the graph of curve (11.18). Other 
methods using point light sources have been described in Ref. 5. In this 
case, spherical coordinates have to be chosen, and the solution of the 
diffusion equation (III.14) is 
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iid ir 
eo ay (I 
v= -(7) nonin (Z). ats) 


where 7 {7 (7) = Hankel function of order 1/2 and first rank, 
p 
Po = Source excess carrier density. 


Equation (111.19) can be simplified to 


2 eke 
P(r) = sla Pos (1.20) 
and, with the boundary condition, 
I) e-tolkp 
P(ro) = de PooIL, (1.21) 
The partial logarithm of (III.20) yields 


éln 
or 


(11.22) 


(Ref. 5). 


Method C, Photomagnetoelectric Methods 


This is a Hall effect method associated with the diffusion of optically 
injected carriers (Ref. 2, pp. 320ff). The principle is a balancing of a light- 
induced hole-electron flow, the currents of which add up under an ortho- 
gonal magnetic field by an electric cross field applied to the crystal. In the 
case of the conductance measurements, the magnetic field is switched off. In- 
tegration is over the crystal thickness d. The open-circuit field F>* is balanced 
by J (short circuit)/G, where G = conductance: 


pe = — Sole dy 
= = TH. 
x ao dy” (111.23) 
where oc =open circuit) . 
sc = short eal ange 


coordinate in length direction, 
y = coordinate in vertical direction of crystal. 


Slabs of small width have to be used to avoid strong inhomogencitics in 
recombination velocity. 

The photoelectromagnetic effect is known as the Kikoin effect, or the voltage 
so generated is called Kikoin-voltage®*:'>. Incident photons Ay liberate 
electron-hole pairs, which drift from the surface into the semiconductor and 
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represent elementary currents in different directions, deflected in opposite 
direction in an applied magnetic field parallel to the plane of injection. There- 
fore, holes drifting to one side and electrons to the other, a voltage is estab- 
lished across the sample which is called Kikoin voltage. Without the magnetic 
field, a voltage would also arise due to the different mobilities of holes and 
electrons (Dember voltage). In Figure AIII.7 the probe is subjected to a homo- 
geneous and constant magnetic field which can be shut off however. The orien- 
tation is such that the positive and negative carriers produce the Kikoin 
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Fig, AUIL7 Setup for photoelectromagnetic lifetime check. 


voltage V, between the copper-plated ends of the specimen. This voltage is 
modulated with a low frequency (w) of the light shutter R (Figure AIII.7). The 
light wavelength has to be chosen so that the dominant wavelength cor- 
responds to the band-gap energy (for germanium a frequency range of 1 to 
1.7 y). This allows the radiation to penetrate sufficiently to eliminate surface 
effects. When a direct current J is additionally set up in the crystal, another 
alternating voltage component results, since the light causes a variation Ar in 
the resistance of the specimen. As a result the modulated light produces an 
ac injection current. The polarity of the de field can be arranged so that the 
two ac voltages oppose each other and eventually cancel out. Complete com- 
pensation can be obtained by varying the de voltage Vj. The tube voltmeter 
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TV is used as a null indicator. The de current is checked by instrument J’ 
(Figure AIII.7). The actual de voltage is not measured, the tube-voltmeter only 
indicating the ac voltage. 

The Kikoin voltage is given by the expression 


A(H/c): D? +a B 
E “TeuHerter Dam SP NH 
where H = magnetic field strength, gauss, 

h = height of light spot, cm, 

c = light velocity, cm/s, 

D = diffusion constant for minority carriers, 
D, = 417 (cm?/V sec) for holes (p) 
D,, = 92. (cm?/V sec) for electrons (n) |eermanium, 


H = fi (average) = 2p4y Hp/(n + Hp)s 

HM, = electron mobility, 
Ht, = hole mobility, 

a = light absorption coefficient of sample, 
B = 1/L = 1/diffusion length, 

o = surface recombination velocity. 


If the absolute value of H is limited ( H < 5,000 gauss) and light in the infrared 
region is used, one can set 

a> B, 

o<D-a. 


In this equation (III.24) may be written 


wath D-Bt. (IIL.25) 


Thus, only the size of the light spot, the magnetic field strength, the diffusion 
constant, and the reciprocal diffusion length are significant. Now an illumina- 
tion intensity L’ denotes the useful (signal) light intensity, and Z is the con- 
stant illumination, The voltage at the sample is then 
LU 
L+L” 

because the ratio of the useful signal illumination to the overall illumination 
defines the voltage at the contacts. Since L’ < L, one may write 


V.=% (111.26) 


V.2Vy,=. (111.27) 
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The relative resistance change by irradiation is 


—=— II.28) 
rok ¢ ) 
In the case of null compensation we have 
WatebraterE, (111.29) 
Equalizing (III.27) and (III.29), we have 
L L 
Selene I. 
iy L r Ll’ (1IT.30) 
or 
Valor, (111.31) 
the diffusion length being defined as 
L=\/Dt. (111.32) 
Since L =1/B, we have 
TD pt =l. (111.33) 
Using the Einstein relation, the diffusion length may be written 
1 any 
=s= —). Il. 
L i (1 ; ) (111.34) 


Expressing now t by introducing f from (II1.25) and V, from (III.29) we get, 
for the lifetime, 


1 hH?D? 
= 5 Bara (111.35) 
h. 2 
t= o(; - af ) ; (111.36) 


This formula allows the calculation of the lifetime from the diffusion constant, 
the light pattern height /, the magnetic field H and the compensating sample 
current J, the resistance and c, the light speed. Separating all constants, t is 
only a function of J and r: 


= oF) ‘ () : (011.37) 


Since r does not change because of the small signal injection, it is easy to find 
the constant by calibration. 
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Experimental Procedure in Method C 

At the instrument J’ (Figure AIII.7), the current J is checked at the zero 
reading of the tube voltmeter TV. t is obtained from (LI1.37). The semicon- 
ductor sample should be | to 2 cm in length and have several mm? of illumina- 
ted area, The advantage of this method lies in the fact that the surface recom- 
bination can be kept unimportant, since the Kikoin voltage is based on 
volume effects. (The infrared light has a sufficient depth of penetration.) In the 
case of silicon crystals where surface trap density might be high, these traps 
can be filled by a supplementary, unmodulated light source. 


Description of the Apparatus and the Measurements (Method C) 

The infrared source N (projector B) can be Nernst glower or glowbar. 
Lenses L, and L, affect the focusing through slit S. A rotating disk R with 
slits or teeth modulates the light with a frequency @ in the 60 to 2,000 c/s 
range (Figure AIII.7). 

Filters F, and F, cut off the short wavelength part, of the spectrum. One of 
these filters (|) is preferably a water filter. While Av, the incident photon 
energy, generates electron-hole pairs, the current through the sample is 
carried by holes, since the space charge neutralization is only effective for 
these. The Nernst glower (for example, 95 volt, 0.5 amp, 20 mm diameter) is 
stabilized by a regulating transformer and an iron-hydrogen resistor. The 
light source has a long rectangular shape, and its effective length is cut off by a 
slit S (for example, 33 mm length). This slit is projected into the flat side of the 
sample crystal C. A red filter F, cuts off all radiation below 0.7 . Mostly, the 
light is chopped (modulated) with a frequency w = 500 c/s, The sample is 
fixed in a homogeneous magnetic field. The field coils can be iron-core 
electromagnets of only 1,000 gauss strength. The distance between the pole 
pieces should be 5 to 7 mm in this case. All parts of the equipment should be 
mounted on an optical bench for precise alignment. 

The TV is a tube voltmeter, with preamplifier, having a range of 0 to 300 my. 
The current meter J’ (0 to 20 amp, 0 to 60 pamp) has a mid-zero scale. The 
measurement is based on the compensation of the Kikoin voltage (the voltage 
being due to hole injection in a magnetic field) with the ac voltage due to the 
resistance modulation when current / is flowing. 


Measurement Procedure (Method C) 

With the modulating light falling onto the crystal, but with current J and 
magnetic field off, the tube voltmeter TV should read zero. There might be a 
slight deviation due to differences in surface recombination and noise. This 
reading is taken as corrected zero position. 

When the magnetic field is switched on, the current direction as affected by 
the bias voltage Vo has to be chosen opposed to the current duc to the Kikoin 
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voltage. The current J is then regulated so that the tube voltmeter moves back 
to its zero position. In this condition both Kikoin voltage and circuit voltage 
(Hall voltage) are equal but opposite. The current Jand the resistance value of 
sample C (over the irradiated length A) is used for the calculation of t. 


Error Considerations (Method C) 
Tn (11.36), 


hH\? 
= (5) ° 


the following factors can be evaluated: 


D =diffusion constant, 2 percent error from literature, 

h = length of light spot, 10 to 0.1 mm, 1 percent error, 
H =1000 gauss +1 percent, calibration error, 

1 =20 to 40 A, reading error ~1 percent, 

r= 5 percent error in resistance, 

¢ =3.10'° cm/sec, 0 percent within these limits as follows: 


a) Errors in D, h, Hare all systematic and the same with one setup for all 
measurements. If all these errors add up, the maximum deviation is 6 percent. 

b) For each sample, the current J and resistance r are measured, The 
arithmetical average value of five successive measurements should be taken, 
The deviations of the individual measurements from this mean value give 
in a typical case a quadratic error of 5 percent for r and of 2.5 percent for J. 
In the error for J one has to include, above all, the deviations of TV, the 
tube voltmeter. So, the maximum error is 15 percent in this case. 

c) A further error is due to the approximation of (111.24), by (111.25), and 
the use of monochromatic light. These errors are much smaller, however, 
than those under (a) and (6) if the above used conditions for (LIL.25) to 
(IIL.31) are fulfilled and lifetimes smaller than 200 usec are measured. If 
t > 200 usec, the method cannot give reliable results, since the diffusion 
length gets into the range of the probe dimensions. If / approaches J Dt, the 
resulting t values turn out to be too high. Reflected carriers at the contacts, 
running in opposite direction before recombining, can essentially diminish 


the Kikoin voltage and thus the compensating current / so that 
1 
Ne 


Te 


is too high. 
Typical values of t for a range of resistivities of n-type Ge are: 
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Ge Ps my, 

type ohm cm sec 
a-Type 1S: 13 
n-Type 3.0 18 
n-Type 8.0 50 
n-Type 10.0 100 
n-Type 17.0 175 
Intrinsic 40,00 > 1,000 (error) 


Obviously t increases with p, since less impurity scattering is effective. With 
diminished temperature and deionization of impurities, the lifetime may 
increase. Here, the role of dislocations may be enhanced, however. Crystal 
perfection is the unknown in these measurements, and lifetime is also a direct 
weighting factor for perfection. 


D_ Application to Thin Films 


With the preponderance of unipolar structures in microcircuits of the 
MOS or FET variety and the quest for improved device isolation by the use of \ 
semiconductor layers on insulator substrates (SOS = silicon on sapphire), 
it appears less important to measure the lifetime. In most bipolar transistors 
in use today this parameter is measured on large silicon wafers before any 
diffusion step, and these devices are generally used as such in microcircuits 
(chipped-in) in combination with thin-film resistors and capacitors. But it may 
also be desirable to adapt the lifetime measurement methods to thin films, 
since t is a direct measurement parameter for crystal perfection. 

Easiest to adapt for measurements on thin films and epitaxial layers on 
high-resistivity substrates seems the light pulse decay method described under 
IH, 1. 

The thinner the sample, however, the stronger the influence of the surface 
states on lifetime. Filling of traps by a dc supplemental light source may give a 
wrong value for the effective lifetime, since it is de facto strongly surface- 
dominated. 

Microwave methods, as described,'° can only be used if the semiconductor | 
layer is supported by a substrate of insulator character (low transmission / 
losses, which can be calibrated out by insertion of the substrate only), filnt 
thicknesses and resistivities within the ranges applicable, and sample sizes‘in 
line with the waveguide cross sections. In reflectivity measurements, as 
described under I (sce Figure AI.25), the resistivity and thus the lifetime (with 
light injection) can be monitored by the return losses. It should be considered 
that the frequency must be necessarily high in order to keep the skin depth 
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below the sample thickness (see Figure AI.24). For 9 GH,, for example, the 
actual semiconductor material thickness would be in excess of anything 
used in devices (about 10 x). In the case of thin samples, infrared reflectivity 
measurements would be the only way to achieve meaningful results. This is, 
however, a strong impediment to lifetime checks, since additional light 
injection is needed to induce excess free carriers. Reflection losses would have 
to be monitored in this case with very low intensity light. 


E Mos Capacitance Method 


This method, applied to carrier concentration measurements, has been 
described under Section I. Figure AI.19 gives the limit capacitance of the 
depletion region versus the bulk concentration of a MOS structure (Si0,). If 
a frequency variation or pulse method is used, the lifetime of minority 
carriers appears as a relaxation time in the capacitance voltage characteristics. 
In the physical model (Figure AIIL8) a positive charge at the semiconductor 
surface under the Si0, accumulates during the negative cycle. In the n-type 
semiconductor this charge consists of minority carriers with smaller mobility. 
Plotted into a capacity versus voltage diagram, three different curves des- 
cribe the frequency dependence of such a capacitance: 


1. The depletion approximation or the de behavior 
2. The response for a high-frequency measurement 
3. The low-frequency response curve 


The frequency where 3 flattens out to 2 may be relatively high or in excess of 
0.5 MHz. 

The relaxation time from curve 1 to curve 2 can used to find the minority 
carrier lifetime. This is done by exploring the device with a variable sweep 
time at high frequency '!, for example, at 500 kH,, with 200 milli-seconds/ 
div. with respect to 20 milli-sec/div. sweep time. Across the depletion layer 
we assume a constant space charge generation G: 


a Ga Mas (IIL.38) 
where Q, = charge density at capacitance, 


q = electronic charge, 
X4 = depletion layer width. 


Since in neutrality the surface charge density Q, has to be 
Q,= OQ, + 9NuXa, (111.39) 


where N, = impurity density, 
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and Q, is approximately constant, we get another relation for dQ,|dt: 


dQ, _ dx, 
= NaS (111.40) 
With (L138) this gives the differential equation for x,: 
dx, G 
at Nee (111.41) 
with the solution 
X4 = const exp(— ws ‘). (111.42) 
Na 
Hence the time constant for minority carrier accumulation is 
N, 
t= e (ILL.43) 


For p-n junctions in highly doped crystal material the excess hole density 
P-Po (Po = equilibrium density) is equal to dn if po and p are <no, the net rate 
of generation of minority carriers being 


Gian: = MOP) Gh (111.44) 


where to = lifetime.!? 


Jund and Poirier’ have argued that in highly doped semiconductors 
dn w n, (n, — the intrinsic density). This is concluded also from the tempera- 
ture dependence of t as exp (E,/2kT), as in the case for n, (E, = band gap 
energy). Thus t, can be represented by 

mt 
T=G: 

With the measured time constant t= N,/G from (11.43) we have a 

lifetime: 


= Mal t. 
T= Nn," 
N, being known by the C,,,,, versus N(x) relation (Figure AI.19) and curve 2 in 


Figure AIIL8, the lifetime can be found by a measurement of Com”: Tt is not 
yet established how precise the to values are that are derived by this technique. 
The values of resistivity so measured and compared with the four-point probe 
values seem to be in good agreement. The measurement circuit consists of a 
capacity bridge subjected to the generator pulse. A bias circuit allows a voltage 
shift on C,. 


* Fig. AILI9 shows the capacitance bridge used in these measurements. 
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IV MOBILITY 


A Mobility (General) 


As expressed by the fundamental equation for the current caused by a 
number n of electrons with charge e and drift velocity 6, 


—ned, (IV.1) 


i 


the conductivity is by definition ¢ = i/E, where E = local field strength in 
volts per centimeter. The magnitude 0/£ or the acquired mean velocity within 
the field E is called the mobility of the charge carrier under consideration. 
can also be expressed in terms of the e/m ratio and the mean free time t of an 
electron by 


be 
lacs tr (IV.2) 
The conductivity is generally given as 
o = neu, + pel, (LV.3) 


when two carrier types, electrons and holes, with their respective densities n 
and p and their mobilities 1, and 4, are present and contribute to the current 
flow under the same field strength. 

In a measurement technique involving a magnetic field, the two types of 
carriers are not easily separated, since their respective transverse currents 
vectorially add up to produce the Hall voltage.’ 

In general, one or the other carrier type is predominant, and the mobility 
can be found directly by a measurement of the Hall voltage Vy across the 
sample, as shown in Figure IV.1. This cross field E, depends, in its magnitude, 
on the magnetic field H, and the current J, with a proportionality constant R, 
which is the Hall constant. For small Hall angles 0 = H/c the effective field 
E, can be written 


E,=+5.H,-1,, (IVv.4) 
cy 
and 


(IV.5) 


where c = 3.10'° cm/sec. 
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Generally the current J, is measured in terms of the current density j, as 
jx* wt (see Figure IV.1), and the Hall coefficient is expressed in practical 
units (ein coulombs) so the one may write 


IRyl = E,{volt] + t(em] 


= 108 em Aa | Vv. 
I,{amp] - H,[gauss] 10 om? /a'e8 CEV:6) 


Fig. AIV.1 Relations between Hall-angle 0, Hall voltage Vy and current J, in crystal slab. 
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It has to be kept in mind that the flux intensity can also be expressed in 
weber/cm? = 10° gauss or weber/m? = 10* gauss. 

The expression of Ry, (IV.6) in cm3/coulomb, with measured values for 
Hall voltage, sample thickness, current and magnetic field, can be used directly 
to assess the mobility, using the unit coulombs for the charge on the electron 

= 1.60 x 107' coulombs. 

|Ry| as above leads to 


ee 
IRul 


p= o|Ry| cm7/V see |. (IV.8) 


For semiconductors with predominant thermal scattering (usual case of 
moderate doping at room temperature) a factor 3n/8 = 1.18 has to be added. 
Numerous sample geometries and contacting methods are described in the 
literature,? especially for cases where inhomogeneous carrier flow in the 
sample may cause a cross voltage that has to be bucked out (double contacts 
on one side and potentiometric voltage readings). Especially for small 
samples, epitaxial layers, or thin films, this method is useful, since only three 
contacts need to be applied to the sample (loss of half the Hall voltage, 
Figure IV.2a). 

If the Hall effect is measured by a dc method, the Ettinghausen effect may 
easily cause a temperature gradient between the Hall probes. Since the 
probes are of a different material from the sample, this temperature gradient 
causes a Seebeck emf at the voltage probes. Furthermore, a thermal current 
may be present in the direction of the electric current because of a Peltier effect 


o = new =—— [ohm cm]~', (IV.7) 


av, = 4V, + 


Fig. AIV.2 (a) Three-terminal mount for Hall measurements. 
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at the junctions between sample and current leads, This can cause an addi- 
tional emf at the voltage probes because of the Ettinghausen-Nernst effect. 
This Peltier effect, combined with the Righi-Leduc effect, can cause an addi- 
tional Seebeck emf to appear at the voltage probes. These errors can be 
eliminated to a large extent by remeasuring the Hall voltage immediately 
after reversal of (1) the current through the sample and (2) the magnetic 
field. This gives actually four Vy, values, and the averaging should eliminate 
these effects if the thermal time constants are long compared with the time 
required for reversing current and field and taking the respective readings. In 


the case of a contact geometry, as in Figure IV.2a, this method also eliminates 
the shape effects. 


TUNED TO(f, = 1,) 


A = PHASE 
FILTER 


AMPLI__ SENSITIVE DETECTOR 


REFERENCE PHASE GENERATOR 


Fig. AIV.2(b) Double ac system for Hall mobility measurements. 


Thermal effects (joule heating) can largely be avoided by using small current 
values (I, < 0.1 mA). The consequently smaller Hall voltages may be difficult 
to measure, and, therefore, ac methods are most appropriate. Figure LV.2b 
gives a scheme used for such measurements that shows great independence 
of spurious signals because the sample is used as a difference frequency 
generator for the Hall field frequency f, and the current frequency f;. Especi- 
ally in the case of thin films the sample current may be very small and the 
mobility also small so that it is important to find the necessary conditions 
(magnetic field, ac voltage amplification, dimensions) for a useful reading of 
the Hall voltage. In a general form of analysis for thin samples (Figure IV.3), 
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1.18 ae LONGITUDINAL GURRENT DENSITY 
yom Bel LONGITUDINAL VOLTAGE 
R=e = LONGITUDINAL RESISTANCE 
By = Bs How +Ey HALLMFIELD 

= |u| rarky 
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eH +45, iy 
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Fig. AIV.3 Contacts and equations for mobility test on thin films. 


it should be considered that the measurement of p is carried out as a voltage- 
current measurement between electrodes | and 2. If the sample dimensions 
are as given, the current density / is /,/tw, and the field strength Z, in the 
long direction of the sample is E, = V,//. Therefore 


f (IV.9) 
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For reasons of measurement precision, it is generally preferred to keep 
/>w> t (rectangular slab). With the need to measure the Hall field AZ,, 
the sample width w should not be too small either. Since the Hall field is 


AE, = Ry je * He, (IV.10) 


it can be increased by higher current density and magnetic field strength. This 
is alimited method, however, since magnetoresistance effects may become too 
strong, with H, and j, increasing. For higher Hall angles the electric field 
vector and the current vector do have to be considered to be divergent (see 
Figure 1V.1), and 6 defined by: 


Ey 
tan@= E. (IV.11) 
will be so large that new field components are generated. Therefore, small 
field and current measurements by the use of ac methods with attendant 
amplification of the Hall signal are necessary to increase the measurement 
sensitivity without the need to increase unduly field and current values. 

The decrease in sample thickness ¢ helps to increase the effective current 
density for normal current values J,, since 


Ix 
oS ve 
hess (1V.12) 
In the expression for the Hall field 
Ey = Hz|Rul sje |, (IV.13) 
however, we can express 
(IV.14) 
(IV.15) 
where R, = sample resistance in x direction, 
and therefore 
Ey = H,uR, (IV.16) 


1, 
Ex = HepR. Ts 
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and 


Vy = He ptRy I, (lV.17) 


Therefore, the ratio w// should be large if a low mobility has to be measured. 
Since R,J,/l= E,, (1V.17) is equivalent to the definition equation Vy = 
H, nE,* w. Of course, the measurement of the sample resistance R, is less 
precise for short samples (/ small), but as shown by (IV.15), it is more import- 
ant to keep ¢* w// large for a precise measure of |Ry|, decisive for a measure- 
ment of pt. 

The resistance R, (or resistivity p = R,w- t/l) can be found by a simple 
voltage/current reading and, therefore, is less subject to measurement errors 
than V,,, the Hall voltage. 

Introducing the expression (IV.15) for the Hall constant into (1V.17) gives 


1 
Vu = He |Rul Le (IV.18) 


and shows that it should be easier to measure V,, for thin samples for a given 
current J,. Because thin samples have a current density limitation, we are, 
therefore, lead to ac methods. 

Considering the measurable mobility values, we use the definition equation 
for the Hall constant (IV.14) and express |R,,| - ¢ = 4 with the aid of (1V.18) 
and 


(IV.19) 


(IV.20) 


This equation is valid within the constraints of our model; that is, the Hall 
angle 0 is small, and H, is sufficiently below the value of significant change of 
@ because of magnetoresistance effects. 

Equation ([V.20) can also be written 


F (IV.21) 


Vulvolt} age emis) 


oS vor F (IV.22) 
H,[gauss]E,[ V/cm] - t(em] (Vj/em) 


K 
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since 
Volt x weber 
= 107, 
cm cm’ 


1 gauss = 1078 


Putting some values into (IV.22), we can find the mobility limit measurable 
in practical cases. Assume that a magnetic field of 10* gauss is still possible 
before magneto-resistance effects take place, Assume further that ac methods 
with amplification of (/, — fy) allow one to monitor Hall voltages as small as a 
few x1 volts and that E, is kept at or below 1 V/cm and that ¢ = 0.1 cm: 


10~ SV] - 108 


*{0*[gauss] -1[V/om] 0.1 om? (IV.23) 


i 


then 
H= 107! cm? V~! sec™!, 


This is alow mobility but still measurable within the limits of the ac method, 
For smaller sample width down into the 4 range and below, we generally 
expect a much higher limit for 


1072 
L = |——_- 
FE * Vitemj 
within these measurement limits. For mobility values in the range of 


cm/s 
V/cm 


1,000 


we would expect Hall voltages of the same order of magnitude (107° V), but 
for values below this level Hall voltages could drop to 10>” [V] and lower, 
making it diflicult to separate the signal from the noise generated within the 
sample especially if a granular structure (disordered structure) has to be 
measured. 

The application of the above mobility measurements is relatively easy for 
samples on insulator substrates, In some cases, however, oxide layers on 
metallic or conducting substrates have to be evaluated. In these cases a flat 
geometry cannot be used, but a special arrangement of electrodes on a flat 
sample can lead to measurable results under certain conditions. Especially in 
the case of grown oxides as SiO, on Si, Al,O3 on Al, etc., an arrangement as 
shown in Figure IV.4, is conceivable. A thin substrate B is chosen (t very 
small) and the oxide grown onto it to a thickness / in this case. The lateral 
dimension is relatively unlimited here giving room for a relatively large value 
of w. This is important for a larger Hall voltage. The current passing through 
the oxide layer is divided into two equal portions J, and J, by means of a 
double potentiometer set P, and P,. The Hall probe is connected through the 


Fig. AIV.4 Special mount of contacts for mobility check on thin, high resis- 
tivity layers (e.g., oxides) on metallic substrates. 
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instrument for read-out (ac amplifier) to P;. Without magnetic field H, the 
voltage at M; is reduced to zero by adjusting the potentiometers. With a 
magnetic field, a Hall field 
Ey =H, ww E, 

originates, where w is the distance between the metal contacts M, — M, 3 with 
respect to M2 — M;. The resistivity of such layers being extremely high, the 
small value of / is less important while the thickness ¢ can be adapated to the 
mobility value y (IV.21) to give reasonable values for Vy. As one sees from 
(IV.20), a certain ratio of //t, sample length over thickness, defines a range of 
mobility values for different samples by essentially two voltage readings, 
(Vu/V,). Such measurements have been carried out successfully for a wide 
range of impurities? on epitaxial silicon on contrapolar substrates (n on p). 


B Mobility Measurements Without the Use of Magnetic Fields 

As we have seen, mobility measurements by way of Hall voltage measure- 
ments are relatively time consuming due to a number of necessary steps like 
sample preparations, holder design, magnetic field control, etc. In addition, 
the measurement results may be doubtful in the case of thin films and a num- 
ber of considerations enter into the evaluation of final results. Therefore, it is 
desirable to find an alternate method for mobility evaluation. Such a method 
exists due to the fact that independent methods for the measurement of resis- 
tivity and impurity density are available. Since the mobility can be expressed 
by 


where p = resistivity, Q cm, 
impurity density, cm~3, 
e = electron charge, 


independent measurements of p and N(x) are sufficient to assess HB. Such 
methods have been discussed in the foregoing. As most reliable and easy to 
apply also for thin films, we discuss a combination of 

1. The spreading resistance method 

2. The differential capacitance technique 
As described in Section I, A (equation 1.43) the impurity density follows 
directly from the specific capacitance variation with voltage swing 4(C/F)/aV: 
4n -(C/F)* 

~ CIF)’ 
e-e ra 


IN| = 


CAPACITANCE 
BRIDGE 


SUBSTRATE 


Fig. AIV.5 Mobility measurement by simultaneous measurements of differen- 
tial capacitance and spreading resistance. 
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apacity per unit area, 
lectron charge, 
& = dielectric constant, 


and p follows directly from the spreading resistance measurement: 
p= 4roRs, 


where ro = contact radius, 
R, = spreading resistance, 


Ee 
Mas 
Therefore 
a(C/F) 
gees 
ov 


4 Tear, RCIA @ys24) 
It is technically quite easy to apply both methods to a semiconductor wafer 
or layer. Measurements can be taken either simultaneously or in sequence. 
Both methods need a small area only for application. In fact, a spreading 
resistance reading can be taken at a point and a small capacitance can be 
applied subsequently for the V measurement, if necessary. Figure IV.5 shows 
the principle. The capacitance is applied to the surface of the epitaxial layer 
by a shallow, high Co (surface concentration) diffusion, which forms a 
junction with barrier layer x and a voltage-induced spread Ax. In special cases 
a metal surface layer could also be applied to avoid a second barrier at the 
Point contact. For Cy in excess of 107° cm=3, this is not necessary. Both 
readings of p and N are very precise under the conditions outlined, and the 
result is a fairly good evaluation of the mobility of the material. 


C_ Measurements on Mos Devices 


The special circumstances of the gate layer in MOS devices have made it 
difficult to judge the effective mobility in the source-drain channel from pure 
materials studies, as described above. In fact, the surface states in conjunc- 
tion with the gate surface field applied have proved to create special effects 
escaping theoretical explanation. (See Chapter 14.1.) 

Mobility values measured by conventional methods do not apply within the 
source-drain channel subjected to two fields, the source-drain longitudinal 
field E. and the vertical gate field E,. Therefore, transconductance measure- 
ments do not give real mobility values, but those modified by the influence of 
the gate field on scattering processes. 

There are cases of well-established device structures based on mono- 
crystalline silicon crystals in which surface trapping is minimized and in which 


612 Measurements of Electronic Properties of Semiconductor Crystals and Films 


no major defects are present within the source-drain channel. For conserva- 
tive field values a rather good fit between transconductance and Hall 
mobility field dependences can be found.* However, more complications are 
expected if the frequency dependence of the surface states is considered. 
Recently the broad time-constant dispersion of states at the Si-SiO, interface 
has been explained by a tunneling model.* 

The anistropic conduction in solids near surfaces is in general a complex 
problem® especially when imperfections in the crystal layer are involved. 
Models to account for this have been developed’ (Chapter 14.1) and further 
work remains to be carried out to fully understand the functioning of these 
devices. With increasing demands for reproducibility and reliability, it is 
imperative to solve the carrier transport problems in MOS and FET devices. 
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Symbol Index 


Aaa 


amplitude (lattice waves) 

activation energy (also space-charge constant, Chapter 13) 
grain boundary scattering parameter (Chapter 11) 
acceptor (neutral) 

acceptor (negative) 

Fourier coefficients in stress function 


wave number (1/A) 

wave number vector 

cell length in reciprocal lattice 

first Bohr radius 

Propagation vectors in reciprocal lattice 
spacing of filled dislocation levels (Chapter 8) 
dislocation tensor 


bulk reflection coefficient (Chapter 10) 

grain boundary scattering parameter (Chapter 11) 
matrix of translation vectors in reciprocal lattice 
Fourier coefficients in stress function 


translation vectors in reciprocal lattice 
mobility ratio (electrons/holes) 
Burgers vector 


heat capacity of liquid (solid) phase (Chapter 14) 
conduction band 

constant for n-th eigenfunction 

concentration of electrons-holes 


3+10!° cm/sec 

spacing between dangling bonds (Chapter 8) 
capture probability for electron (Chapter 9) 
capture probability for hole (Chapter 9) 
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D matrix of translation vectors in direct lattice 
D* donor (neutral) 
Dt donor (positive) 
D dislocation spacing (unambiguously, Chapter 4) 
D lattice density (unambiguously, Chapter 8) 
Dy diffusion constant parallel to dislocation 
Ds diffusion constant vertical to dislocation 
Da, Dp diffusion constants for clectrons-holes 
De effective diffusion constant (for carriers in dislocation pipe, Ch. 9) 
d lattice constant (direct lattice) 
d,, da, dy translation vectors (direct lattice) 
E ‘energy (mostly in eV for electrons/holes) 
E electric field vector 
Ey ‘energy at Fermi level 
Eno potential energy 
Ep electron energy at donor level 
Ex electron energy at acceptor level 
E electron energy at lower edge of conduction band 
Ez electron energy at upper edge of valence band 
E energy of a traveling wave 
Ey energy level of a dislocation (also Ep) 
Ex ionization energy for hydrogen atom 
Ez, energy level of trap center 
E& energy of a Bloch wave at point x 
activation energy 
E(k) energy in k-space 
E energy of a screw dislocation 
Ey energy of an edge dislocation 
Es atomic binding energy 
Ey activation energy for ionic motion 
E; energy for formation of vacancy pair 
oh electronic interaction energy 
Ene effective band energy 
E(f) electrostatic energy per added electron (Fermi statistics) 
<E> effective field value 
E, energy of interaction per electron 
Eco interaction energy of positive space charge on electron 
Ey, Ey fields at n-p-n barrier sides 
Ecc interaction energy of electron on positive space charge 
Eo interaction energy of electrons in neighboring sites 
Fain minimum energy in atomic impact (Chapter 6) 
Exc coefficient of band change by volume deformation 
e electron charge (1.6-10-*® Coulomb) (also exponential function) 
Fe external force 


F(x) force expression for electrons in space 


In 
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<(Aln)?> 
I, 

I, 

L 


Ton 


otal 
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frequency 

electronic filling factor (grain boundaries) 

Fermi distribution function 

fraction of traps (occupied by electrons) 

fraction of traps (occupied by holes) 

Fermi energies in bulk on negative or positive boundary side 


lattice cell number 

modulus of rigidity (Chapter 8) 

conductance per unit length of boundary (Chapter 9) 
grain boundary conductance at zero bias 


recombination cross section (Chapter 10 only) 
generation rate (pair production) 
distortion factor 


magnetic field 

transversal magnetic field 

parallel-transversal (parallel longitudinal) magnetic field in grain boundary 
layer (Chapter 11, Section 4) 

magnetic field vector 

Hankel function (zero order, first rank) 

Hankel function (first order, first rank) 


dislocation distance (Chapter 10). 
Planck's constant 
hla 


imaginary portion of wave vector (Im{k(x))) 
effective current value 

mean square noise current 

hole current 

electron saturation current 

hole saturation current 


current or V —1 
Bessel function of order m (first kind) 
current density 


ratio of carrier density (Chapter 10) 
Phonon wave vector 


Boltzmann constant 
‘wave vector (also k) 
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diffusion length for holes in base 


P 


L. diffusion length for electrons in emitter} (Chapter 14) 
Lb lattice limit (length) 
L dislocation length 
Le width of accumulation layer (Chapter 14) 
ts diffusion length for holes 
L diffusion length for electrons. 
coefficient (natural numbers) 
sample length and boundary length 
Miller index 
M atomic mass 
M* reduced atomic mass 
m electron mass (free) 
met effective electron mass (also m*) 
Mae, Mpe effective mass of electron (hole) in emitter 
Mn, My effective mass of electron (hole) in base 
No bulk donor density 
N number of doping atoms 
Ne effective state density 
N number of carriers 
N(x) local carrier density 
n carrier density (Chapter 11) 
ne electron density 
n intrinsic density 
P pressure 
oP increment of pressure 
Pax transition probabilities 
Py crystal momentum. 
P number of lattice planes 
P index in displacement equation 
Pott effective hole density in grain boundary 
P hole density 
p(x) hole density at point x 
yy dipole strength vector 
@ total charge number 
uw point charges of dangling bonds (Chapter 9) 
qo equilibrium number of charges (Chapter 11) 
q number of charges in boundary states (Chapters 9 and 11) 
R gas constant (only Chapter 12, Section 4) 
R dislocation space charge radius (also r, in Chapter 9) 
R resistance per unit length (only Chapter 9) 


Ro(r),Rx(r), etc. Fourier coefficients in circular stress functions 
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displacement vector 
dipole position vector 
cyclotron radius 


entropy (Chapter 3) 

shear stress (unambiguously, Chapter 4, Section 5) 
signal amplitude (Chapter 9) 

structural coefficients 


crystal surface 


external force (components Ty, T,, Tz) 
absolute temperature (°K) 
transmission coefficient of carriers through lineage structure (Chapter 10) 


time 

release time (carrier within dislocation pipe, Chapter 9) 

average time of a hole within dislocation cylinder before release 
average time of a hole within dislocation cylinder before recombination 


recombination rate 
binding energy of a foreign atom 
Potential function 


periodic amplitude in Bloch wave expression 


Phase velocity (wave equation Chapter 2 only) 
gate voltage 

source-drain voltage 

battery voltage 

volume of gr-atom (5V = volume change) 
local oscillator voltage 

external voltage to a barrier 

voltages at n-p-n barrier sides 


wave velocity 
longitudinal wave velocity 
transversal wave velocity 
drift velocity of a carrier 


probability 

flux of solute atoms from grain boundary into bulk 
scattering probability 

activation energy for vacancy formation 


channel width 


parameter of scattering factor F(x) 
mean free path in bulk 


(Cha 9) 
mean free path due to disfocations ‘Chapter 9) 
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Symbol Index 


dimension (length) 
functional sign 
dimension (length) 


characteristic impedance (Chapter 9) 
excess core charge of atom 


dimension (length) 


direction cosine for outgoing beam in Laue diffraction 

direction cosine for incoming beam in Laue diffraction 

absorption coefficient (radiation) 

direction cosine} (beam component in three dimensional 

direction cosine} diffraction) 

capture rate (Chapter 11) 

atomic displacement 

Kronecker’s Delta 

distance between lattice rows 

strain tensor 

fraction of volume occupied by space charge cylinders 

energy of radiation 

electrochemical potential (Ey — Epo,) (also Fermi-level, Chapter 6) 

fraction of hole drift time in space charge cylinder (Chapter 9) also: 
trapping level (Chapter 9) 

non-radiative recombination efficiency (Chapter 9) 

ratio of induced (free) charges to trapped charges (Chapter 14) 

angle of misfit (grain boundaries, Chapter 4) 

angle between lattice rows 

phase shift (only Chapter 9) 

Hall angle (holes) 

Hall angle (electrons) 

susceptibility 

effective dielectric constant 

wavelength in Av =v 

Also DeBroglie wavelength h/p. 

(also unambiguously Lamé’s constant, Chapter 5) 

mobility (Chapter 2) 

shear modulus (unambiguously, Chapter 4) 

electron mobility 

hole mobility 

mobility of a vacancy 

mobility of a charge carrier parallel to a dislocation 

mobility due to lattice scattering restricted by a potential well 
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mobility of a vacancy 

lattice mobility 

mobility on account of ionized impurity scattering 
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o 
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ee 
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& 
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We 
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mobility on account of scattering of carriers in the dislocation stress field 
hole mobility in dislocation pipe (Chapter 9) 

frequency 
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